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1 EXECUTIVE SUMMARY  
All forms of checking in timber, both surface and internal, are due to internal drying 
stresses that are the result of differential shrinkage. The shrinkage is a highly variable 
combination of normal and collapse shrinkage. Currently, checking caused by moderate 
to severe levels of collapse shrinkage is the main source of financial loss to industry in 
south-eastern Australia. Fundamentally, collapse is largely an inherent property of the 
timber. While processing variables are also significant factors, by and large they can 
only be manipulated to minimise the damage. There is currently no economic way for 
processing wood to avoid collapse altogether.  

Of the Victorian and Tasmanian sawmills that process the Ash resource, and responded 
to the survey, downgrading of product because of collapse related checking is estimated 
by the mills to have cost them collectively $9.8 million in 2008. This was relative to an 
estimated total value of product produced by the mills of approximately $156 million. 
The less tangible costs of checking, which are unaccounted for here, include the 
uncertainty and loss of reputation in the market that internal checking causes. If Ash 
products can be guaranteed to be free of internal checking, then there are considerable 
export markets that will accept and pay a premium for this product.  Additional costs 
that are unaccounted for here include the additional processing costs that are necessary 
to minimise checking and identify checked boards. 

In the longer term, genetic improvement is the only method that is likely to eliminate 
the problem completely. However, it is only an option for plantation species, and 
genetic material with no collapse propensity is still some years away. This possibility is 
most likely to be needed for a plantation species such as E. nitens and possibly 
E. globulus, where the collapse and checking propensity is likely to be worse than for 
the current Ash regrowth. However, even once, and if, it is obtained, it would then have 
to be grown to full rotation before industry would be able to start processing it. That is 
still some 20–30 years away at a minimum. In the mean time, industry will have to start 
processing an increasing amount of the existing plantation-grown resource.  

In the current Ash resource, the full extent of internal checking is also still largely not 
known. Industrially, internal checks are usually only observed during grading after 
steam reconditioning and final drying has been undertaken. If good drying practices 
have been used, it is likely that most of the internal checks have been closed. It is 
generally considered that all closed checks are potentially a worse problem than open 
checks. The reason closed checks are considered to be worse is that while open checks 
can be visually graded out, it is believed that closed checks, which can not be detected 
visually, will typically open up or feather during secondary processing (into 
cabinetry/furniture etc) and result in a defective product. However, this has not been 
validated scientifically and the relative difference between fully closed and partially 
closed checks in this feathering phenomenon is not clear.  

Part of the reason that the extent and significance of internal checking is not clear, is 
that its’ economic importance depends largely on the products they occur in. For 
example, fairly severe levels of checking can be tolerated in structural products without 
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downgrade of product occurring. Even in higher-value products such as quarter-sawn 
tongue and groove flooring, the likelihood of exposure of checks on the wide face of the 
board is minimal, and hence the presence of small internal checks (particularly closed 
checks in the core of the board) again probably have little impact on product quality. 
The greatest problem is for mills that target products such as furniture blanks, or other 
blanks for deep moulding. Hence, if in the future the product mix from the industry 
changes, it is likely that the cost of checking will also change. For example, if the shift 
away from structural products continues, checking will be a bigger problem. Without 
knowledge of the underlying extent of the problem, it is difficult to predict how feasible 
a shift in product mix is likely to be in the future. 

There have been no quantitative measurements of collapse and check propensity that 
have been comprehensively made for any of the main species commercially processed 
in south-eastern Australia. Nor is there any scientifically valid information on the 
variability of collapse and checking within the resources either. If better mechanical and 
wood property knowledge of the phenomena can be established, it may be possible to 
predict this behaviour and its variation in the resource from the growth modelling and 
remote sensing techniques that are currently being developed.  

Part of the reason that comprehensive assessment of the problem has not been 
undertaken is the cost of such measurements. This is one of the reasons why there is an 
ongoing need for rapid and easy to use non-destructive measurement tools to either 
measure collapse and internal checking or predict its propensity. The predictive 
capability can also be utilised industrially to pre-sort. Collapse-prone logs or green 
boards can be processed separately and target for products where checking may be less 
critical. Hopefully, the current FWPA NDE Dryability project (PNB126-0809) will 
provide some basis for improved tools for this predictive purpose.  

Baseline knowledge of the extent of the problem can also be important for answering a 
range of other questions. For example, a topical question at the moment is whether or 
not bushfires have any effect on the collapse and checking propensity of fire salvage 
logs? Without knowledge of the underlying propensity for checking, this is a difficult 
question to answer. 

An industry workshop was held at CSIRO Material Science and Engineering at Clayton 
on the 9/7/2009. As a research strategy, the workshop agreed upon the following two 
objectives and expected outcomes as a basis for helping the FWPA prioritise research 
projects related to checking. 
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1. Identify the underlying properties or factors (predictors) that cause ‘checks’ 
and then develop industrial tools to measure them reliably. 
 

Expected Outcome:  
 
Tools to sort material for check propensity, starting at board level, with 
the ultimate goal to have an efficient log scanning system. This will allow 
mills to target material for appropriate processing and product options. 

 
2. Look to alternative industries, thought leaders, technologies to try and find 

the next big step in drying productivity. 
 

Expected Outcome:  
 
A process that can process all boards free of checking, regardless of 
check propensity. 

 



 

 iv 

2 CONTENTS  

1 Executive summary ............................................................................................. i 

2 Contents ............................................................................................................. iv 

3 Introduction ......................................................................................................... 1 

4 Causes of surface and internal checking in eucalypts ................................... 1 
4.1 Spatial variation of shrinkage....................................................................................2 

4.1.1 Differences in checking propensity of back-sawn and quarter-sawn boards ......... 4 
4.1.2 Defect related checking......................................................................................... 4 

4.2 Temporal (drying) variation in shrinkage ..................................................................5 

5 Causes of collapse ............................................................................................. 9 
5.1 Collapse recovery by steam reconditioning............................................................13 
5.2 Effect of reconditioning on internal and surface checking ......................................16 
5.3 Measures of collapse..............................................................................................16 

5.3.1 Collapse free shrinkage....................................................................................... 17 
5.3.2 Recoverable collapse .......................................................................................... 19 

6 Methods for preventing or ameliorating checking......................................... 22 
6.1 Empirically developed schedules............................................................................22 
6.2 Computer Modelling................................................................................................23 

6.2.1 Modelling of collapse........................................................................................... 25 
6.3 Prevention or amelioration of collapse....................................................................26 

6.3.1 Reduced surface tension or increased nucleation............................................... 27 
6.3.2 Increased permeability (critical capillary radius) .................................................. 28 
6.3.3 Effect of temperature on collapse........................................................................ 31 
6.3.4 Bulking agents..................................................................................................... 32 

6.4 Identifying check prone material .............................................................................32 
6.4.1 Eucalypt species prone to collapse ..................................................................... 33 

6.4.1.1 Density..................................................................................................... 33 
6.4.1.2 Initial moisture content ............................................................................. 35 
6.4.1.3 Shrinkage................................................................................................. 36 
6.4.1.4 Drying rate ............................................................................................... 37 
6.4.1.5 Non-destructive evaluation (NDE)............................................................ 37 

7 Genetic control of checking............................................................................. 40 

8 Silvicultural influence on checking................................................................. 41 

9 Industrially identifying Internal Checks .......................................................... 42 

10 Economic cost of surface and internal checking (industry survey) ............ 43 
10.1 Summary of industry responses .............................................................................43 

11 Industry workshop............................................................................................ 46 



 

 v 

12 Conclusions .......................................................................................................49 

13 Literature references .........................................................................................50 

14 Acknowledgments .............................................................................................59 

Appendix A: Industry survey .....................................................................................60 

Appendix B: Preliminary recommendations – as presented to industry workshop 
(9/7/09) ................................................................................................................62 

Appendix C: Summary of other recommendations from Research Providers as 
Presented at Industry Workshop (9/7/2009) ....................................................66 

Appendix D: Detailed response from Prof Grigory Torgovnikov  (University of 
Melbourne) .........................................................................................................67 

 





 

 1 

3 INTRODUCTION 
Internal checking and surface checking continue to be significant, if highly 
variable, problems for hardwood processors in the south-eastern states of 
Australia. The extent of the problems and the economic impact to individual 
processors is unknown, with some processors claiming that this is the single 
biggest issue facing the industry, while others are relatively unaffected.  

The project reported here was undertaken with support from the FWPA, and 
consists of two main parts. The first has been to undertake an industry survey 
to quantify the extent and economic cost of the problem. The second has 
been to undertake a review of the literature of all the research that has been 
undertaken relevant to this problem. The aim of the combination of these two 
parts is to formulate a research strategy that can be adopted by the FWPA in 
planning its’ future research investment in this area. An industry workshop 
was held with the objective of getting industry agreement on such a strategy. 

4 CAUSES OF SURFACE AND INTERNAL CHECKING 
IN EUCALYPTS 

All forms of checking in timber, both surface and internal, are due to 
differential shrinkages that result in internal stresses. When the local tension 
or shear stresses are greater than the local tensile strength limits, checking 
occurs. The variation in shrinkage is due to both variations in cell wall 
properties, and the timing and location of the shrinkage as drying progresses 
and moisture is removed. In the part of the board that is trying to shrink more, 
some of that shrinkage is being resisted or restrained by the parts of the 
board around it that are shrinking less or not at all. Hence, a tension stress is 
developed in the higher shrinking area, and a compressive stress in the lower 
shrinking area. The magnitudes of the drying stresses that are developed in 
this way depend on both the shrinkage potentials of the different areas of 
wood, and the stiffness properties and weaknesses (defects, stress raisers) in 
the wood. An important dynamic, is that the stiffness properties increase 
greatly as moisture is removed from the cell walls, potentially by a magnitude 
of about three.  

The shrinkages that occur in a timber board can be caused either by normal 
shrinkage, due to the loss of moisture from the cell walls below the fibre 
saturation point, and/or they can be due to collapse shrinkage, which occurs 
in the early stages of drying when the cell lumens are still saturated. It is 
mostly the occurrence of collapse in many of the eucalypts that leads to 
severe checking problems. However, normal shrinkage is responsible for 
much of the surface checking that occurs when collapse is minimal and 
boards are nearly or completely back-sawn. 
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Both normal and collapse shrinkage are strongly anisotropic. The ratio of 
shrinkage in the tangential to radial directions is typically about two (normally 
within a range of 1.5-3.0) (Kauman, 1964). There are many factors that 
contribute to this transverse anisotropy, and the contribution of each varies 
between and within different species. The main contributing factors include: 
ray restraint, earlywood/latewood interaction, and the differences in the radial 
and tangential cell walls (stiffness, chemical components or layering, 
microfibril angle and pit arrangements and microfibril aggregations). Major 
reviews of shrinkage anisotropy, and of these contributing factors, have been 
undertaken by Pentoney (1953), Kelsey (1963), Stamm (1964), Kollmann and 
Côté (1968), Boyd (1974), Skaar (1988) and more recently Booker (2003). 

4.1 Spatial variation of shrinkage 

The main source of spatial variation in shrinkage is due to radial variation in 
the wood structure, and the differences between the earlywood and latewood 
bands of the growth rings. In particular, collapse shrinkage can vary 
significantly between earlywood and latewood. The thinner, weaker walls in 
the earlywood mean that collapse severity is often much greater in earlywood. 
It is this variation in collapse intensity that leads to the commonly observed 
‘washboarding’ effect (Figure 1), which is seen on the wide faces of 
quartersawn boards and on the edges of backsawn boards. If the latewood 
bands above and below a band of collapse prone earlywood are significantly 
denser and stiffer, this can lead to severe stress gradients within the 
earlywood. Indeed, Ilic (1999b) found that internal checking was particularly 
likely in boards of E. regnans, where the earlywood air-dried density was 
below about 450 kg m–3 and the latewood above 600 kg m–3.  

 

      

Figure 1:  (Left) Example of collapse washboarding and internal checking in a 
quartersawn board of E. nitens (75 × 25 mm). (Right) Example of 
washboarding along the quartersawn edges of a backsawn board 
E. nitens (200 × 25 mm). 
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It is the combination of the shrinkage anisotropy and the large differences in 
the properties of the earlywood and latewood that means that most collapse 
related checks are initiated in the earlywood, and are radially aligned and 
elliptical in shape (Figures 1 & 2). The presence of rays probably also 
contributes to the radial alignment, as they can often act as lines of weakness 
for check initiation and propagation. As wood properties are often quite 
uniform within arcs of a growth ring, it is not uncommon to see collapse 
related internal checks distributed within a single earlywood ring (Figure 2). 
Similarly, surface checking that is caused by collapse tends to mostly occur in 
bands of earlywood that intercept the surface. This is particularly noticeable in 
backsawn boards (Figure 3). In most eucalypts then, when only intra-ring 
checks are found in the earlywood, those checks are almost always collapse 
induced checks.  

 

Figure 2: Examples of collapse related internal checking in earlywood rings in 
Victorian Ash (E. regnans or E. delegatensis). 

 

Figure 3: Grouping of collapse related surface checks in the earlywood zones of a 
200 mm wide backsawn board of plantation grown E. nitens. The edges 
are closer to quartersawn grain orientation, and hence no surface checks 
are present toward the edges. 
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4.1.1 Differences in checking propensity of back-sawn and quarter-
sawn boards 

Shrinkage anisotropy is also critical for understanding the propensity of back-
sawn boards to check more than quarter-sawn boards. The fact that 
tangential shrinkage is about double that in the radial direction, means that in 
back-sawn boards the drying stresses are greatest on the widest face (Figure 
7). Hence, checking is more likely to occur on that face. In quartersawn 
boards they are greatest on the edges of the board. 

The orientation of the growth rings also means that cupping is likely to occur 
in back-sawn boards. The restraint or flattening of this cupping potential, by 
the weight of the boards above any given board in a stack, or the use of stack 
weights, will increase the tension stresses across the wide surface. And thus, 
further add to the likelihood of surface checking.  

If moderate to severe collapse is present in back-sawn boards, this almost 
inevitably leads to severe surface checking and internal checking. Hence, in 
moderate to severely collapse prone species, boards are almost always only 
quartersawn by the sawmilling industry. Quarter-sawing, particularly with 
thinner boards, also increases the chance of earlywood collapse being 
expressed as wash-boarding, rather than internal checking. In un-profiled 
products such as floor boards, even if internal checking has occurred, they are 
unlikely to intercept the wide face, and thus are unlikely to impact on product 
quality. An additional advantage of quarter-sawing is that in products such as 
floor boards, the dimensional stability is greater as any changes in the cover 
widths of the boards are due to radial shrinkage/expansion, rather than the 
greater tangential shrinkage/expansion. 

However, as back-sawing produces a higher board recovery, particularly of 
higher quality outer wood, there is still a strong preference to back-saw if 
possible, especially when sawing small dimension logs. This has meant that 
developing strategies and technologies for drying back-sawn boards free of 
checking continues to be an active research area. The most recent examples 
of this are Innes et al. (2005) and Innes et al. (2008). Unfortunately, in that 
study no totally satisfactory drying schedules were obtained for drying back-
sawn Tasmanian regrowth Ash. That study only further underlines the 
extreme difficulty of drying back-sawn boards, from collapse prone species, 
free of surface and internal checks. 

4.1.2 Defect related checking 

Another important source of spatial variation in shrinkage is the presence of 
board defects. Variation in wood properties around defects such as knots and 
pith often result in surface and internal checking within and around such 
defects. Particularly in small diameter and unpruned plantation or regrowth 
logs, shrinkage distortion and checking around such defects, as well as the 
defects themselves, can be major issues for limiting the production of high 
value products (Nolan et al., 2005). 
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Figure 4: Examples of surface checking  in and around knot defects (Left) and 
heart checking (Right) in boards of plantation grown E. nitens. 

4.2 Temporal (drying) variation in shrinkage 

The temporal variations in shrinkage are caused by the drying moisture 
content gradients that develop as drying progresses. There are generally 
good presentations in the literature on the basic development of moisture 
content and drying stresses, based mostly on the occurrence of normal 
shrinkage (Figure 5).  

Unfortunately, there is little good information in the literature on the temporal 
occurrence of collapse, and intra-ring internal checking, as drying progresses. 
Plots of overall dimensional shrinkage (Figure 6 – this data is from material 
described in Blakemore and Langrish, 2008b) suggest that collapse shrinkage 
is reasonably progressive with regard to moisture loss. This suggests that 
collapse shrinkage may progress from the surface to the core of the boards. 
However, the exact timing and location of internal checking is not as clear. For 
instance, Blakemore and Langrish (Blakemore & Langrish, 2008b), found that 
ramping (progressively increasing the drying severity) of the pre-drying 
schedules below 50% moisture content had minimal effects on the levels of 
internal checking present. This might suggest that most of the internal 
checking had already occurred by the time the mean moisture content of the 
board was below about 50%, and yet measurable collapse was still being 
observed (Figure 6).  
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Figure 5: Moisture content distribution and drying stresses during drying of 50 mm 

thick red oak (From US Forest Products Laboratory Forest Service 
(1999), original data unacknowledged but is known to originate from 
McMillen (1955). 
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Figure 6: Area (radial × tangential) shrinkage against moisture content for a 
number of 100 × 50 mm boards of Victorian Ash (E. regnans and 
E. delegatensis) with a collapse ranging from minimal to severe. 

The exact interaction of collapse related drying stresses with normal 
shrinkage related drying stresses is also not clear. It is normally assumed that 
most of the conventional drying stresses are due to normal shrinkage as the 
moisture content drops below the fibre saturation point. The conventional 
development of normal drying stresses are shown on the left of Figure 7. 
However, if collapse is occurring well in advance of the movement of the fibre 
saturation point moisture content, it may to some extent be reducing the 
severity of the normal shrinkage related drying stresses. Conversely, collapse 
that has occurred at the surface may increase the severity of the collapse that 
is occurring later, below it deeper into the board, by increasing the 
compressive stresses occurring in the core of the board.  

The most obvious visual indication of severe drying stresses is when the intra-
ring collapse related internal checks are extended into inter-ring checks. In 
severe cases, this is classified as honeycomb checking (Figure 7).  
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Figure 7: Diagram of normal drying stress development and checking development 
in backsawn eucalypts. 

 

The interaction of drying stresses and board geometry is also responsible for 
the sunken faces that are often seen on the wide face of severely collapsed 
boards (e.g. Figure 1 Left). Kauman (1964) provides a clear explanation for 
this phenomenon. Essentially, as the outer surface layers (the case) dry out, a 
tension set is induced in these layers (Figure 8). As drying continues, after 
stress reversal has occurred, these dryer and much stiffer layers provide a 
high resistance to the shrinkage that is now occurring in the centre of the 
board. In the width direction, these surface layers or columns are close 
together and hence the edges are kept straight. However, in the thickness 
direction, the edge columns are much further apart and hence the surface 
layers on the wide faces act like uniformly loaded beams supported only at the 
ends.  
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Figure 8: Diagram of how tension set in the outer surface layers can lead to a 

sunken face in the wide faces after stress reversal has occurred. 

These drying stresses can also interact with board dimensions to affect the 
severity of internal checks. For example, Chafe and Carr (1998a), found 
severe inter-ring internal checking in 100 × 50 mm boards that were dried at 
30°C and an initial relative humidity of 90%, while in matching boards of either 
50 × 50 mm or 100 × 25 mm, dried under the same conditions, only intra-ring 
checking was found. However, no such inter-ring checking was observed in 
100 × 40 mm dimension boards dried by Blakemore and Langrish (2007), 
which were dried at 30°C and 95% RH. And no such inter-ring checks were 
observed in trials with 105 × 50 mm specimens initially dried at 20°C 
(Blakemore and Langrish, 2008b). Ramped drying schedules were also tried 
in the Blakemore and Langrish (2008b) trial, and again, no inter-ring checking 
was caused when, below a mean moisture content of 50%, the temperature 
was progressively raised up to 55°C. This is much higher than the maximum 
temperature of 30°C used by Chafe and Carr (1998a) in pre-drying. So it is 
possible that the inter-ring checking may have been caused by significantly 
wet cores that were still present when oven-drying was undertaken when the 
samples were nominally at 12% MC. 

5 CAUSES OF COLLAPSE 
Collapse is a severe type of shrinkage that occurs to some extent in most 
species and timber types. However, it is particularly prevalent amongst the 
low to medium density Eucalypt species (Chafe et al, 1992). Collapse is 
“abnormal shrinkage” in that it occurs in saturated timber above the Fibre 
Saturation Point (FSP) when the cell lumen is still saturated with liquid water, 
whereas normal shrinkage occurs below the FSP where moisture is lost from 
the cell walls, and the cellulose microfibrils in the walls essentially move closer 
together. It is collapse that causes much of the surface and internal checking 
problems when drying timber from many eucalypt species. Hence, a basic 
understanding of the causes of collapse is critically important for 
understanding what can be done to prevent or ameliorate it. 
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The generally accepted theory for explaining collapse is the liquid tension 
theory. The first person to propose this theory was Tiemann (1915). However, 
Kauman (1964) provides the most comprehensive development of the theory, 
and an excellent detailed discussion of collapse in general. A more recent and 
concise summary is also provided by Chafe et al (1992). The theory is 
essentially concerned with the removal of liquid water from the lumens of 
saturated cells. As liquid water is removed from wood it is replaced by a 
mixture of water vapour and air. Where a saturated cell neighbours one filled 
with water vapour and air, a meniscus forms in the interstitial gaps or 
capillaries in the pits. Surface tension and capillary forces in these capillaries 
create a hydrostatic or liquid tension throughout the water in the saturated 
lumen. If these liquid-tension stresses are strong enough to overcome the 
strength properties of the cell wall, the cell wall will buckle, and the cell will 
flatten or collapse.  

There are two fundamental physics equations relating to the properties of the 
largest meniscus involved in the system, which allow the liquid-tension 
stresses that are developed to be approximated. The first is Laplace's 
equation, which relates the total liquid tension to the radii of the curved liquid 
surface.  

 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+=

21 r
1

r
1P σ  (1) 

Where  P  = total liquid tension (N m-2 or kg s-2 m-1) 

 σ = surface tension (N m-1 or kg s-2) 

 r1, r2 = principal radii of the curved surface (m) 

The second equation is Kelvin’s equation, which relates the total liquid tension 
to the relative vapour pressure above the meniscus: 
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Where  P = total liquid tension (N m-2) 

 ρ  = density (kg m-3) 

 R = gas constant (J mol-1K-1) 

 T  = absolute temperature (K) 

 M = molecular weight (kg mol-1) 

 p = vapour pressure (Pa) 
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 po = pressure of saturated vapour (Pa) 

In Equation 1, the principal radii (r1 and r2) are equivalent to the radii of the 
largest interstitial openings or capillaries that are present in the pit 
membranes. Thus, the smaller those capillaries are, the larger the tensions 
that develop in the water in the saturated cell lumens. It also follows that in 
general the smaller those capillaries are, the lower the permeability will be for 
the wood. Hence, low permeability and inherently slow drying are intrinsic 
characteristics of collapse prone wood. Many eucalypt species are well known 
for their slow drying and propensity for collapse (Campbell & Hartley, 1984). 
Indeed, Kauman (1964) notes that both of these features were clearly 
recognised in the eucalypts as far back as 1826. Collapse and slow drying are 
intrinsically related. 

The second equation relates the liquid tension to the temperature and relative 
humidity of the air above the meniscus. Both equations together provide a 
means of estimating the liquid tension present in a cell lumen for a given 
capillary size and temperature. Examples of the magnitude of liquid-tension 
forces and relative vapour pressures that develop for various capillary radii at 
20°C are shown in Table 1.  

Table 1: Calculated liquid-tension forces and associated vapour pressures for 
various capillary radii at 20°C 

Radius of Meniscus 

(nm) 

Liquid-Tension Force 

(MPa) 

Relative Vapour 
Pressure (p/po) 

(%) 
15 9.70667 93.1 

60 2.42667 98.2 

150 0.97067 99.3 

1500 0.09707 99.9 
 

Kauman (1964) suggested that in the cells that collapse, the interstitial 
openings in the fibre to fibre or fibre to ray parenchyma pits would be in the 
range of 60–100 nm. Thus, the order of magnitude of the liquid-tension forces 
that are likely to be present in collapsing cells is in the range of 1.456–2.427 
MPa. However, Chafe et al. (1992) suggests that capillaries with a maximum 
radius of 15 nm are known to be present in saturated cell walls of some ash 
species, and therefore tensions of as high as ~9.7 MPa could be possible.  
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Apart from the size of the interstitial capillaries, the presence of extraneous 
materials, such as cytoplasmic debris and extractives, is also considered 
important for permeability. Their presence is considered to reduce the size of 
the capillaries that are available, therefore it can significantly increase the risk 
of collapse occurring. Hillis (1984) notes that eucalypts in general have 
relatively high levels of extractives compared with other genera. The 
extractive levels could also be considerably variable even within the one 
species. This is another contributing factor as to why many eucalypts are both 
slow drying and collapse prone. 

Kauman (1964) also clearly distinguishes the role that compressive drying 
stresses play in collapse severity. Severe drying schedules that increase 
drying stresses are likely to increase the amount of collapse that occurs. 
Given that collapse itself contributes significantly to drying stresses, this in a 
sense provides a type of positive feedback towards the amount of collapse 
that occurs. The affect of drying stresses is nevertheless still considered to be 
a secondary effect, in that it is highly unlikely that compressive drying stresses 
can cause collapse in and of themselves. Their role is only in exacerbating the 
degree of collapse that occurs because of the liquid tension forces that are 
present. 

The liquid tension theory for collapse, as discussed above, has two main 
assumptions. The first is that collapse can only occur in cells that are fully 
saturated, or at least that the radii of any bubbles that are present are less 
than the capillary radii being considered in Equation 1. The liquid tension 
forces will principally act on the meniscus of largest radii, hence, if a bubble 
with a greater radii than the radii of the largest capillary is present than the 
radii of the largest capillary, the tension forces will expand it rapidly to relieve 
the stresses without collapse occurring. The second assumption is that the 
sap has sufficient cohesive strength to transmit the liquid tension. Again, if this 
were not the case, cavitation would occur before cell collapse occurred. 

Apart from the magnitude of the liquid tensions developed, the other main 
determinate of whether or not collapse will occur is the strength of the cell 
walls. Unfortunately, the mechanical properties of individual cell walls, or more 
importantly, the mechanical properties of the various secondary layers that 
make up the cell wall, are almost impossible to measure directly. Hence, as a 
first approximation, the average compressive strength in the perpendicular 
cross-section of small test samples is often used as an approximate value for 
cell wall strength. For example, Chafe et al. (1992) quote a transverse 
compressive strength of 4.0 MPa for Eucalyptus regnans (Bolza and Koot, 
1963) such that collapse was likely to occur if the liquid tension force was 
greater than this value. With reference to Table 1 above, collapse would 
therefore occur in this species providing that the biggest capillaries present 
had a radius of about 36.5 nm or less. 
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5.1 Collapse recovery by steam reconditioning 

As early as 1917, James Grant and George Grant (father and son) 
independently discovered that steam could be used to recover collapse in 
Australian eucalypts (Greenhill, 1938). Essentially, steam reconditioning 
involves placing the timber in a well insulated chamber and filling the chamber 
with saturated steam for a number of hours, depending on the species and 
thickness of the boards. Greenhill (1938 and 1940) carried out a range of 
reconditioning experiments on samples of Eucalyptus regnans and 
E. delegatensis. He clearly demonstrated the importance of heat in collapse 
recovery and the need to get the temperature in the steaming chamber as 
close as possible to 100°C (Figure 9).  

 
 

Figure 9:  The effect of reconditioning temperature and drying conditions on 
collapse recovery (Greenhill, 1938). 
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A number of industrial rules of thumb have been in use in Australia for many 
decades, based mostly on this research by Greenhill (1938 and 1940) and 
some work by  Mackay (1972). Unfortunately, the small size of the specimens 
used in this research, and the fact that all the specimens came from one or 
two boards, means that the robustness of all of these rules has been 
somewhat questionable. Blakemore and Langrish (2007, 2008b), conducted a 
range of reconditioning experiments on larger dimension boards (100 × 40 
and 100 × 50 mm) from a wider range of trees. The results of this confirmed 
that below a mean moisture content of 15%, collapse recovery started to be 
reduced significantly. An optimal mean moisture content of about 18% was 
identified, although there was little difference in recovery in the range of 15-
25% moisture content. One of the most important considerations in this is the 
core moisture content. It is important that the core moisture content be below 
about 30% moisture content. Above this level collapse recovery in the core of 
the boards was incomplete and in particular the closure of internal checks 
incomplete. This is shown visually in Figure 10 below. It was also thought that 
in high moisture content cores, the collapse simply was not recovered, rather 
than it recovering and then subsequently re-collapsing. Historically, a 
darkening of the core wood, and severe inter-ring checking has been 
observed when reconditioning has been undertaken with a high core moisture 
content. This was not observed in these studies suggesting that for this to 
occur the core moisture content must be much higher than 40%. 
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Figure 10:  Cross sectional scans of internal checking for two end-matched boards 
dried with the same ramped pre-drying schedule. Reconditioning was 
undertaken at the nominal mean moisture content of 20%, (board on left) 
and 15% (board on right). Percentages shown above each board are 
measured core moisture contents. 

Blakemore and Langrish (2008b) and Blakemore (2008) also found that, while 
acknowledging the importance of mean moisture content, the uptake or 
movement of moisture was not thought to be critical for collapse recovery. In 
this sense then, it was identified that, provided the board moisture content 
was in the right range, the length of steaming only needed to be long enough 
to raise the temperature of the core to close to 100°C (See also Figure 11). 
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Figure 11:  Measurements of mass, temperature (Surface, 9 mm in from top and 
bottom surface and middle (core)) and width changes during steam 
reconditioning for sample board with a basic density ≈ 490 kg m-3 (From 
Blakemore and Langrish, 2008b). 

5.2 Effect of reconditioning on internal and surface checking 

In the studies undertaken by Blakemore and Langrish (2008b) and Blakemore 
(2008), providing that the guidelines with regard to mean and core moisture 
content were meet, most of the intra-ring checks that were present before 
steam reconditioning were not visible after reconditioning (e.g. Figure 10). 
Conventional industry wisdom is that such closed checks pose a serious 
problem, in that if exposed when machining or moulding is undertaken, they 
will result in a feathering effect on the surface of the product. This may not be 
a significant problem for products such as quartersawn flooring, but it is a 
problem for backsawn products and cabinetry components such as high-value 
kitchen cupboard doors. However, it is not known how much of this effect is 
due to completely closed checks, or incompletely closed checks due to sub-
optimal reconditioning or inter-ring checking. 

5.3 Measures of collapse 

Being able to measure collapse is important for identifying how significant it is 
for different species, and what can be done to ameliorate or minimise it. 
Unfortunately, there is no commonly accepted method of measuring collapse 
that could for example provide a quantitative basis for comparing among 
eucalypt species. There are generally two types of collapse measurements 
that are made for experimental purposes.  



 

 17 

5.3.1 Collapse free shrinkage 

The first attempts to specifically quantify the amount of collapse that has 
occurred and provides the more detailed measurements. When measuring the 
total shrinkage of a wood sample, the measurement has a component of 
normal shrinkage and collapse shrinkage in it (Figure 19). To distinguish 
between the two components of shrinkage, measurements are also made on 
thin sections (<1 mm along the grain) cut from either end of the measurement 
blocks. These thin sections are used to provide a measure of collapse free 
shrinkage. As the fibres in most eucalypts are longer than 1 mm, there should 
be almost no intact fibres present in such a thin sample. If there are no intact 
fibres, there can be no saturated lumens and therefore collapse can not 
occur. Essentially then, such a sample should provide a measure of normal 
shrinkage only. Hence, by subtracting this measure of normal shrinkage from 
the total shrinkage that occurs in a matching longer sample, a measure of 
collapse shrinkage is obtained (Equation 3). Measures of collapse recovery 
are similarly obtained (Equation 4) 

 
Figure 12: Illustration of method for calculating the amount of collapse and recovery 

of a sample (Greenhill, 1938). 
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Where: 

 SB  = total percentage shrinkage to a given moisture content before 

reconditioning (based on green dimension) 

 SA = total percentage shrinkage to a given moisture content after 

reconditioning (based on green dimension) 

 SO = total percentage shrinkage to oven-dry moisture content after 

reconditioning (based on green dimension) 

 ST = true percentage shrinkage to a given moisture content (based on 

green dimension) – obtained from thin collapse-free sections. 

  = ( )MC-θ
MC

SS AO ×
−  

 MC = moisture content 

 θ = intersection point (in percentage moisture content) for the type of 

shrinkage concerned 

The main confounding factor in this measure of collapse is that the drying 
stresses will variably interact and restrain the amount of normal shrinkage that 
occurs in the longer board. As most of the drying that occurs in the thin slices 
is likely to be end drying, this means that almost no transverse drying stresses 
should be present, and hence the expression of normal shrinkage is likely to 
be more than in the matching longer board section. This can sometimes lead 
to spurious positive collapse recovery values in low collapse specimens (e.g. 
Blakemore, 2007). Nevertheless, this general technique has been 
successfully used repeatedly by many researchers (e.g. Greenhill, 1938; 
Kauman, 1960; Ilic and Hillis, 1986; Chafe, 1987; Chafe, 1990a; Chafe and 
Ilic, 1992a, 1992b, 1992c; Chafe, 1993; Chafe 1994a; Innes, 1995a; Chafe 
and Carr, 1998a, 1998b; Ilic, 1999b; Yang et al, 2002; Yang et al, 2003). 
However, no comprehensive measurements of this type have been 
undertaken that would allow a general comparison of species. 
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5.3.2 Recoverable collapse 

The next most commonly used technique for measuring collapse is to more 
simply just measure recoverable, or recovered collapse. This typically involves 
measuring the total shrinkage before and after reconditioning (e.g. Chafe, 
1985, 1986b) at a standardised moisture content. In this way, the total amount 
of collapse is not measured, but assuming that the reconditioning is 
undertaken appropriately, most of it should be recovered. While less accurate 
than the previous method, the technique is considerably easier to implement. 
Data of this type is more generally available as it can be calculated from the 
shrinkage data collected by Kingston and Risdon (1961) for Australian timber 
species. The reason it is less accurate, is that there are a number of variables 
that can affect collapse recovery, the most important being moisture content 
(Blakemore and Langrish, 2007, 2008b). Blakemore and Langrish (2007, 
2008b) reconfirmed that in two severely collapse prone eucalypts 
(Eucalyptus regnans and E. delegatensis) the recovery of collapse decreased 
significantly below a moisture content of about 15%. The fact that by 
methodology, all of the Kingston and Risdon samples are reconditioned at 
12% means that the recovery of collapse may be sub-optimal. Despite this, 
there is a chance that the standardised two hours of steaming with such small 
samples may have been enough to raise the moisture content back up above 
15%. Figure 13 shows the recovered collapse values for all of the Eucalypt 
species in Kingston and Risdon (1961). The species are arranged in order of 
increasing basic density. This figure confirms the extent of the collapse 
severity amongst the Ash group of eucalypts, such as E. regnans and 
E. delegatensis. The weak to moderate general negative relationship between 
density and collapse is in keeping with that which has been observed by a 
number of authors (Chafe 1985, 1986b; Ilic and Hillis 1986; Chafe 1994; Ilic 
1995; and Blakemore and Langrish 2008a, 2008b).  
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Figure 13: Recovered tangential collapse as derived from Kingston and Risdon (1961) shrinkage data for a range of Eucalypt species. 
Recovered collapse is calculated as the after reconditioning shrinkage at 12% subtracted from the before reconditioning shrinkage 
value at 12%. The error bars are 95% confidence intervals for the mean values. Where no error bars are shown this is because the 
sample size was too small to calculate a standard error. 
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6 METHODS FOR PREVENTING OR AMELIORATING 
CHECKING 

As can be seen from Figure 7, one of the most obvious methods to reduce 
checking, particularly surface checking, is to minimise the drying stresses in 
general that develop as drying progresses. Ideally, if a threshold stress can be 
identified for when checking or collapse is likely to occur, the drying objective is 
to keep drying stresses below this threshold. Historically, this has mostly been 
achieved by empirical research to develop appropriate kilns and schedules on a 
species by species basis. Board geometry and growth ring orientation are 
important factors that have to be taken into account when developing schedules 
in this way. In general, thinner quartersawn material is easier to dry free of 
checks. In this sense, there is also a balance, or compromise, between the 
value of products (larger dimension backsawn products are often more 
valuable) and the cost of processing (thinner dimension and quartersawn 
boards, which are quicker and cheaper to dry). Largely, the compromise is that 
drying rate is generally proportional to the moisture gradients present. Hence, 
faster drying is almost always inherently results in higher stresses and 
potentially more checking.  

6.1 Empirically developed schedules 

Empirically developing optimised schedules for all Australian hardwood species, 
and combinations of thickness and growth ring orientation, is a long, complex 
and expensive process. This expense has mostly meant that initial trials are 
conducted by research agencies (e.g. Rozsa and Mills (1997)  for the most 
common thicknesses and growth ring orientations to provide a starting point, 
and then sawmills refine these schedules in-house.  

Published examples of empirically refined schedules for eucalypts are rare. The 
main examples include Stöhr and Mackay (1984), Alexiou (1991), Northway 
(1997a), Northway and Blakemore (1997a), Northway and Blakemore (1997a), 
Blakemore et al. (1998), Innes et al. (2005) and Innes et al. (2008). 
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6.2 Computer Modelling 

The cost of empirical schedule development has led to a number of attempts to 
use computer models to optimise drying schedules. For Australian hardwood 
species, such models have been attempted by two main research groups in 
Australia. The first model is ‘KilnSched’ , which has been developed at the 
University of Tasmania (Schaffner, 1981; Wu, 1989; Oliver, 1991; Doe et al., 
1994; Innes, 1996c; Innes & Redman, 2005). A similar model has also been 
developed at the University of Sydney (Wan & Langrish, 1995, Langrish & 
Bohm, 1997; Langrish et al., 1997; Musch et al., 1998; Pordage & Langrish, 
2000; Haque & Langrish, 2004; Cabardo & Langrish, 2006). For practical 
purposes, each model assumes that the drying of Australian eucalypt species 
can be adequately described by a one dimensional model, and that moisture 
movement in that dimension can be modelled by simple Fickian diffusion.  

While the models are based on well established fundamental physical laws, in 
each model many of the model parameters, for example the diffusion 
coefficients, are fitted from experimental data. For other parameters, 
simplifications and educated guesses are frequently required. Innes and 
Redman (2005) attempted perhaps the largest collection of this type of 
modelling parameter data for a range commercially important hardwood species 
(E. delegatensis, E. regnans, E. pilularis, C. maculata, E. obliqua, 
E. marginata). Unfortunately, the expense of collecting good empirical data, for 
fitting these model parameters too, is also a significant limitation for the 
modelling approach. Often, the data is collected from the equivalent of empirical 
drying trials (Innes and Redman, 2005).  

The results generated from these models have been reasonably successful in 
matching observed drying behaviour for the non-collapsing species. However, 
given the assumptions and simplifications in them, the predictive power of these 
models, and their ability to be used to optimise schedules has been much less 
well demonstrated. For example, in the study by Innes and Redman (2005), the 
parameters derived from the laboratory measurements, in a number of cases 
did not provide a good predictive fit for the data collected from the industrial 
scale trials. The consequence was that new, slightly different parameters were 
fitted to improve the model fits for the industrial scale trials. Perhaps the most 
extensive testing of this type on an individual species (E. fastigata), that may 
allow for this variation in properties, was undertaken by Carbado et al. (2006). 
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This raises one of the major limitations with trying to optimise schedules, either 
empirically or through computer modelling, and that is the large biological 
variability that exists in wood. Pordage and Langrish (2000) and to some extent 
Haque and Langrish (2004) tried to directly address this issue with their models. 
However, the practical outcome of these studies was largely that the schedule 
becomes dependent on the most difficult boards to dry free of checking. The 
schedules derived in this way, typically involved very mild initial drying (low dry 
bulb temperatures, high RH, and low air-flow) that is extended for a long time. 
Essentially, this was the same outcome that had been reached from empirical 
research and iterative improvement by sawmills. The one major point of 
difference was that the computer models suggested that in the very final stages 
of drying, the schedules could be much more aggressive. The other practical 
result of this research has been to support the idea of sorting logs or boards 
prior to processing, an approach that will be discussed later as this approach 
has more generally been associated with empirical type research. 

The ‘KilnSched’ model was also used as the basis of the kiln control system 
known as the ‘Clever Kiln Controller’ (CKC). Details of trials with the CKC can 
be found in Innes (1996b). Essentially, the kiln conditions and possibly other 
measurements (such as acoustic emissions) were entered into, and regularly 
updated into the KilnSched model. The control system then controlled the kiln 
adaptively to try and minimise the chances of checking occurring as the kiln 
charge progressed. Commercialisation of this technology was not successful. 
This was mostly due to similar observations about the models that accounted 
for biological variability above, and that was that the resultant schedules were 
not significantly different to standard schedules and approaches that had been 
developed empirically by the mills. Uncertainty about the models and the 
parameters in them also did not provide confidence in the robustness of the 
system for a wide variety of species. 

The drying models also tended to be especially limited for severely collapse 
prone species. Innes and Redman (2005) noted that for a number of species 
(e.g. E. delegatensis, E. obliqua and E. marginata) the moisture content profiles 
from the models did not match up well with the observed profiles. No convincing 
explanation for this lack of fit was provided by the authors. Indeed, the 
mechanism used to overcome this problem was to arbitrarily adjust the surface 
diffusion coefficient to be a function of the internal diffusion coefficient. 
Blakemore and Langrish (2008a) suggested one possible explanation for this 
lack of fit, in that the diffusion coefficient may be dependent on the amount of 
collapse that has occurred locally. However, actually incorporating such a 
relationship into a computer model would be extremely difficult, as the model 
would need to predict the extent of localised collapse within a board. At a 
minimum, this would require a lot of detailed anatomical information to be 
scanned from sample boards for each species. The following section provides 
some details of attempts that have been made at modelling the occurrence of 
collapse, and recovery. 
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6.2.1 Modelling of collapse 

To more accurately investigate how the strength properties of the cell wall affect 
the predictions for the onset of collapse in an isolated fibre, Innes (1995b) 
attempted a mathematical model that was primarily intended to demonstrate the 
effect of temperature on collapse. The cell wall in his model was broken down 
into the three secondary cell wall layers, to account for the fact that the 
alignment of the cellulose microfibrils within those layers strongly influences the 
anisotropic mechanical properties within in each layer. Most importantly, the S1 
and S3 layers, with large microfibril angles, essentially provide a form of 
circumferential stiffening to resist collapse. Using a plain-strain assumption, his 
model was that of a three- layered thick-walled cylinder. Orthotropic, non-linear 
elastic and creep material properties were also incorporated into each layer. 
Innes developed a computer program to find a solution for this model based on 
the average anatomical dimensions of the Tasmania oak group of ‘Ash’ species 
(E. delegatensis, E. regnans, E. obliqua). Again though, given the difficulty of 
measuring cell wall mechanical properties, all of the cell wall properties were 
essentially based on educated guesses, using measurements taken on small 
wooden test samples as a guide. The Innes model predicted that the onset of 
collapse at 25°C occurred when the liquid tension reached approximately 
5.33 MPa.  

Blakemore (2008) used finite element modelling software to generate numerical 
solutions to a similar model to the Innes (1995b) one. This was done to start to 
overcome some of the limitations with the Innes (1995b) model. The first such 
limitation was that in reality cells are not isolated, and it is likely that the 
behaviour of double cell wall layers (three layers of secondary cell wall on either 
side of the compound middle lamella) is different than that of a single wall layer. 
The Blakemore model also tested the use of a more rectangular cell shape 
(Figure 14), which is also possibly more realistic.  

The inherent geometric stability of this multi-cellular model meant that a shear 
displacement was also introduced to ensure that the deformed shape for the 
rectangular shaped cells was closer to what is observed in real wood samples. 
The shear displacement was partly justified on the bases that it may reflect the 
real effect of drying stresses on the deformation that occurs during collapse. In 
the Blakemore model, an internal liquid tension of about 4.9 MPa was required 
to initiate collapse at 25°C.  

Unfortunately, most of  the serious simplifications and assumptions in the Innes 
(1995b) model still remain in the Blakemore (2008) model; and hence the 
model’s utility is still very limited. For example, it is likely that the predicted 
internal liquid tensions that lead to collapse are still relatively high, simply due to 
the inherent stability of the regular geometric shapes used. It seems, likely that 
irregularities in real cell walls could lead to weak points where collapse would 
occur at much lower tensions than those predicted in the models.  
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Figure 14: Final shape of the collapsed square-cell based model (Blakemore, 2008) 

with the stress distribution shown after the 16 hrs of stress relaxation were 
allowed to occur. The pink outline shows the undeformed model shape. 

6.3 Prevention or amelioration of collapse 

As collapse is one of the major causes of checking in a number of commercially 
important ‘Ash’ group eucalypts, a great deal of research has been undertaken 
to try and prevent or ameliorate collapse in itself. From the understanding of 
collapse provided in Section 5, these approaches generally fit into one of three 
categories. These are: methods that reduce surface tension or increase 
nucleation, methods that increase permeability, and methods that increase cell 
wall stiffness. Unfortunately, while a number of them do work, none of them so 
far have proved to be economically viable. 
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6.3.1 Reduced surface tension or increased nucleation 

Treatments to decrease surface tension have generally either involved 
impregnation with wetting agents or replacement of the sap with other liquids 
with low surface tensions. The best summary of these sort of treatments is 
provided by Kauman (1964 – Table 5), due to the age of this research details 
are not repeated here. However, in summary, the low permeability of the 
eucalypts is the major problem with both approaches. Diffusion based methods 
involved extremely long treatment times, and were often still ineffective in 
getting the active chemical into the core of the board. And even when vacuum 
and pressure treatments were used, they were most successful when some or 
all of the water was first removed, and even then, were still most effective on 
thin section material such as veneers. The main practical examples of this type 
of approach used currently are in experimental techniques. For example, 
alcohol drying is used with Silviscan 2 strips to prevent collapse (Evans et al., 
2000) as they are dried. 

Similarly, the introduction of salts and other particulate impurities have been 
tried to increase the sites present for bubble nucleation (Again see Kauman, 
1964 – Table 5). Methods to form bubbles have also been tried, such as the 
impregnation of sodium bicarbonate (Loughborough and Espanas, 1950) and 
carbon dioxide (Kauman, 1964). Kauman (1964) also mentions unsuccessful 
attempts to use ultrasonic fields to cause local stress concentrations and 
nucleation in the water. 

The surface tensions that lead to collapse only occur if both a liquid and gas are 
present. There are two possible approaches to avoid this occurring. The first is 
freeze drying, where the liquid is converted to a solid, before the environmental 
conditions  are changed (vacuum) to allow for sublimation of the ice directly into 
vapour. Hence there is no liquid/vapour interface to cause collapse. This has 
been shown to be successful in avoiding collapse when drying E. delegatensis 
(Choong et al., 1973), but is expensive and uneconomic for large scale 
application.  
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Supercritical drying is the other approach, which uses high temperatures and 
pressures to avoid the phase boundaries in the change from a liquid to gas. The 
supercritical point of water is too high for this to be economic for drying wood. 
Instead, supercritical carbon dioxide (CO2) drying is being developed for 
treating and drying Pinus radiata in New Zealand (Franich et al., 2008). The 
principle here is to fill the lumens with liquid water saturated with supercritical 
CO2 under very high pressures and temperatures. When the pressure is 
removed the CO2 comes out of solution and forms bubbles of CO2 gas, which 
creates a pressure gradient to force the water out of the timber as the bubbles 
grow. In principal, this should also be effective in reducing collapse. However, 
the much lower permeabilities in refractory eucalypts compared to P. radiata 
may still cause a critical limit on CO2 penetration and the removal of water. The 
expense of the process is another concern. However, especially if a 
preservative treatment can be concurrently applied, this approach may be 
economic.  

6.3.2 Increased permeability (critical capillary radius) 

A number of chemical treatments have also been trialled to increase the 
permeability (capillary radius) as defined in Equation 1. Treatments including 
zinc chloride (Chudnoff, 1953) and Chudnoff, 1955) and dilute hydrochloric acid 
(Pankevicius, 1962). Chafe et al. (1992) suggest that their main mechanism is 
to cause a slight hydrolysis of the pit membrane. Unfortunately, the benefits of 
such treatments are marginal. More concentrated solutions may have a more 
significant effect on permeability, but this typically also causes a weakening of 
the cell to such an extent that collapse is often increased by such treatments.  

Hot water treatments and steam pre-treatments have also had considerable 
research for their potential benefit in reducing collapse. The mechanism in this 
case is thought to be the modification in the conformation of extractive material 
to allow greater water flow. Again this is most important in and around the pit 
membranes. Such treatments have been trialled by: Greenhill, 1938; Campbell, 
1961; Kauman, 1964; Chafe, 1990b; Chafe, 1993; Chafe, 1994a; Chafe, 1994; 
Chafe, 1995a; Chafe, 1995b; Chafe and Carr, 1998b. Again though, there is a 
balance between the temperatures that are hot enough to have a significant 
effect on the extractives, and temperatures that are too hot and have a 
softening effect on the cell wall stiffness and thus promote collapse. For 
example, Chafe  (1994a) found an optimal temperature of 50°C for the 
reduction of surface checking in E. regnans, when preheated in water. In many 
cases, the heating pretreatment can lead to reduced internal checking, but 
surface checking can be greater. One reason for this is that it is very difficult to 
cool the surface, after applying the treatment, without some drying occurring at 
the surface. At this stage, the outer layers are warm and soft and are much 
more prone to surface checking if any drying stresses are initiated. 
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The most recent attempts at improving permeability have been the microwave 
pre-treatment process developed at the ‘CRC-Wood Innovations’. Harris et al. 
(2008) trialled low intensity microwave modification to improve permeability 
when drying E. obliqua. While the effects on permeability are not yet published, 
a reduction in both surface and internal checking was observed. Unfortunately, 
the robustness of these results is not clear given the small sample sizes used in 
this study (80 boards in total and <10 boards in a number of treatments) and the 
lack of end-matching of boards between treatments. Also, as the assessment of 
internal checking was carried out after steam reconditioning, the exact effect on 
internal checking is not clear. In trials undertaken at CSIRO for the CRC-
Forestry (Blakemore, 2008), microwave treatments had no significant affect on 
internal checking present before reconditioning in conventionally kiln dried, 
plantation grown E. nitens. The area of internal checking after reconditioning in 
microwave treated boards may have been slightly less than for the other 
treatments (Figure 10). 
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Figure 15: Number and area of internal checks in backsawn (100 × 25 mm and 100 × 
19 mm) plantation grown E. nitens dried with a number of drying treatments 
(Blakemore, 2008). 
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Overseas, there has also been ongoing research to use biological agents 
(bacteria, fungi, enzymes) to increase the permeability of wood species (For 
example: http://itv.hevs.ch/switzerland/bioincising.html ). The main focus of this 
has been to increase the penetration of preservative treatments. Fungi look the 
most promising, and in this instance are being researched for their targeted 
growth through pits. In most softwood species, pit aspiration after drying is the 
main limit to permeability. In the Eucalypt hardwoods though, the cause of the 
impermeability is slightly different. But, it may still be possible to identify or 
produce fungi that again focus most of their damage on the hardwood pits, 
without dramatically affecting the cell wall properties. At this moment, there is 
no known research of this type being conducted in Australia.  

6.3.3 Effect of temperature on collapse 

The effect of temperature on collapse has been well established over a long 
period of time (Greenhill & Dadswell, 1940; Ellwood, 1952; Kauman, 1960; 
Innes & 1996a&1996c). Generally, elevated temperatures during drying leads to 
higher levels of collapse. This effect is mostly due to a softening of the cell walls 
at higher temperatures as stiffness and strength are reduced and creep 
increases. Additionally, if the increased temperatures also contribute to 
increased drying stresses, this may also increase the collapse severity. 

Innes (1996a & 1996c) suggested that there may be a temperature threshold 
below which collapse does not occur. However, Ilic (1999b), while 
acknowledging the importance of temperature on collapse, doubted the validity 
of a threshold in the temperature ranges suggested by Innes (1996a & 1996c). 
Ilic (1999b) noted that some collapse had still been observed in samples stored 
in refrigerators at about 4°C. Nevertheless, it is because of this temperature 
dependence that a general aim of most pre-drying schedules, with collapse 
prone species, is to minimise the dry bulb temperature.  

Vacuum kilns are a form of kiln technology, currently of interest again, which 
allows for increased drying rates at lower temperatures. Hence, for collapse 
prone species they do offer the potential for reducing collapse and checking 
levels, while maintaining or increasing drying rates. However, they are unlikely 
to complete stop collapse from occurring. Even pre-drying at 20°C can result in 
significant collapse, and these kilns ideally operate at a temperature slightly 
above this. The effective industrial use of such kilns then is largely an economic 
question, is the reduction in checking and drying times worth the capital cost of 
the equipment? 
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At the extreme of the cool temperature range, Ilic (1995) reviewed the potential 
use of pre-freezing to potentially reduce shrinkage, collapse and drying times. 
The effects, when observed, tended to be very species dependent. The 
explanation for the effect is not entirely clear, but is thought to be a mixture of 
possible effects. The first is that freezing moves some water out of the cell wall 
and into the lumen. That water then expands in volume upon freezing. This 
expansion and loss of cell wall moisture then imparts a compressive stress in 
the cell wall, which makes the cell wall more rigid and less likely to collapse. 
The movement of extractives out of the lumen into the cell walls may also 
provide a re-enforcement effect in the cell walls. Ilic (1999a) then went on to 
trial pre-freezing treatments on samples of E. regnans. Pre-freezing at -20°C for 
72 hours resulted in an average 36% reduction in collapse, but a similar 
reduction in internal checking was not apparent. 

6.3.4 Bulking agents 

Pankevicius (1968) tried a number of concentrations of polyethylene glycol 
(PEG) and glycerol treatments for their effects as bulking agents in reducing 
shrinkage and improving stability. Permeability is again an issue with 
penetration, so they have little potential to influence intra-ring checking in the 
centre of collapse prone eucalypts. However, as a surface treatment they do 
have potential to reduce surface checking. This feature was recently explored 
again by Ilic et al. (2003) and did indeed show a statistically significant reduction 
in surface checking. However, the practical and economic considerations of 
how to apply, and potentially re-apply the glycerol industrially was not fully 
addressed in that study. This remains a major obstacle for industry 
implementation. The simplest initial application seemed to be a single dipping 
treatment using dipping tanks similar to those that are sometimes already used 
for boron dipping of lyctid susceptible sapwood. 

6.4 Identifying check prone material 

A large number of attempts at identifying check prone material have actually 
concentrated on identifying collapse prone material. Generally, the goal of such 
attempts is to separate out the non-checking material so that it can be 
appropriately and optimally processed into high value products. The check 
prone material can either be diverted into other low value products, before 
money is wasted trying to process it into higher value products, or alternatively, 
different processing strategies can be used to try and produce higher value 
products. A first step in this approach is to recognise which species are collapse 
and check susceptible. 
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6.4.1 Eucalypt species prone to collapse 

To some extent, collapse can occur to a small extent in almost all timber 
species. However, Kauman (1960) suggests that “severe collapse is largely 
confined to medium density angiosperms” and further identifies the “Ash” group 
of eucalypt species as amongst the “best known collapsing species”. In this 
grouping of species, the most economically important are E. regnans, 
E. delegatensis and E. obliqua. Currently, there are two cool to mild temperate 
species, E. globulus and E. nitens, that are being grown extensively in 
plantations in southern Australia and around the world, predominately as a 
source of pulp fibre. While both are collapse prone, the severity of the checking 
problem appears to be considerably worse in E. nitens than for E. globulus. The 
exception may be tension wood related checking, and in this case, E. globulus 
seems to be much more tension wood prone (e.g. Blakemore and Northway, 
Northway & Blakemore, 1997a). Figure 13 plots the known recovery collapse 
values (Kingston and Risdon, 1961) for a large range of eucalypt species. As 
can be seen in this figure there is a large variation in behaviour apparent in a 
number of the species. 

It is important to recognise that collapse and checking is not uniform within 
trees. There is evidence that collapse is worst towards the butt end of the tree 
(Chafe, 1985) and that sapwood is less prone than heartwood. Within 
heartwood, collapse typically increases radially with distance from the sapwood 
zone, although in the immediate area around the pith itself there is usually an 
appreciable reduction in collapse (Chafe, 1985; Chafe, 1986b and Chafe et al. 
(1992)). Similar patterns of internal checking have also been found that indicate 
that internal checking is worse in the butt logs (e.g. Innes et al., 2008 and 
Blakemore, 2008) than upper logs. 

6.4.1.1 Density 

A feature apparent in Figure 13 is that there is a general negative relationship 
between collapse and density. This relationship has been investigated by a 
number of researchers. Basic density, in particular, has been identified as an 
important correlate with collapse (Bisset and Ellwood, 1951; Chudnoff, 1961; 
Chafe, 1985; Chafe, 1986b; Chafe, 1986a; Ilic and Hillis, 1986; Chafe, 1987; 
Chafe, 1990b; Chafe and Carr, 1998a; Chafe, 1990b; Chafe and Ilic, 1992a; 
Chafe and Ilic, 1992b; Chafe and Ilic, 1992c; Chafe, 1990b; Chafe, 1994a; 
Chafe, 1994; Chafe, 1994b; Ilic, 1999b; Yang and Fife, 2003; Yang et al., 2003; 
Ilic et al., 2005; Blakemore and Langrish, 2008b; Blakemore and Langrish, 
2008a). 
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As discussed above, there are a number of other factors that affect collapse. 
Hence, the density relationship is far from perfect. However, if most of the other 
main variables are held constant, a moderate relationship is usually found. Ilic 
(1999b) provides an example of this in Figure 16, and again also shows a clear 
effect of temperature on collapse. Unfortunately, the variation in the data means 
that while density is significantly related to collapse statistically, that relationship 
is only strong enough for density to be, at best, a moderate to poor predictor of 
collapse on its own. 

 

 
Figure 16:  Relationship between collapse and basic density in sample boards (mild 

drying conditions) and board ends (dried in oven at 100°C) –(Ilic, 1999b). 

Basic density is in itself also only a moderate predictor of the number of internal 
checks (R2 = 0.46 for Ilic, 1999b; R2 = 0.35 (unpublished) for material published 
in  Blakemore and Langrish, 2008b). However, basic density was not as good a 
predictor of the area of internal checking (R2 = 0.20 (unpublished) for material 
published in  Blakemore and Langrish, 2008b). 

Perhaps more importantly for checking propensity, Ilic (1999b) also identified 
the importance of a large differential in earlywood and latewood basic density 
(Figure 17). Unfortunately, such density profiles are usually obtained by x-ray 
diffraction, which is both too expensive and time-consuming to collect on a per 
log basis in the sawmill. 
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Figure 17: Typical air-dry density variation in reconditioned material from a non-

checked and checked sample board (Ilic, 1999b) 

6.4.1.2 Initial moisture content 

High initial saturation was noted by Greenhill (1938) as being highly related to 
collapse, and indeed several studies have identified initial moisture content as a 
marginally better predictor of collapse than basic density (Chafe, 1985; Ilic and 
Hillis, 1986; Ilic, 1999b; and Blakemore and Langrish, 2008a). A strong 
relationship between basic density and initial moisture content  has also been 
confirmed by a number of authors (Chafe, 1985; Ilic, 1999b). This relationship 
between initial moisture content and basic density is expected, as there is a 
theoretical relationship between these two variables. This relationship (Equation 
5) is based on the assumption that the specific gravity of cell wall material 
(Gso~1.53 g cm–3 – Stamm, 1929) is constant between and within species. 
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 so
max G

1M

1SG
+

=

 (5) 

Where: 

 SG  = specific gravity (oven dry mass, green volume) 

 Mmax = saturated or maximum moisture content (grams of water per gram of 

ovendry wood) 

 Gso = specific gravity of the dry cell wall substance (Value of 1.53 

(Stamm, 1929) used here) 

One possible reason that initial moisture content is a better predictor of collapse 
is that, while it shares much of the predictive variation (covariance) of basic 
density, it also contains some information for the degree of saturation in the 
cells. Chafe (1985) measured saturation as both a percent of moisture content 
(P) and percent of lumen volume filled by water (Q). Both P and Q were found 
by Chafe (1985) to be significantly correlated with collapse. However, the 
significance levels for P and Q where much less than for basic density or initial 
moisture content. The significance of P and Q in combination with either basic 
density or initial moisture content was not reported. 

6.4.1.3 Shrinkage 

Various measures of shrinkage have been trialled as an indicator of collapse 
and checking susceptibility. Total shrinkage in particular has received a lot of 
attention, because it is one of the easiest shrinkage measures to make (Ilic and 
Hillis, 1986; Ilic, 1999b; Innes, 2000; Yang and Fife, 2003; Yang et al., 2003; 
Kube and Raymond, 2005; Raymond et al., 2008). As can be seen from Figure 
6, the reason total shrinkage works so well is that the variation in normal 
shrinkage, is usually much less than the variation in collapse shrinkage. Hence, 
the variation in total shrinkage is mostly dependent on the variation in collapse. 
The technique is equally applicable to standardised sections cut from boards 
(Ilic and Hillis, 1986; Ilic, 1999b) as it is from small diameter increment cores 
collected from trees (Yang and Fife, 2003), and could also possibly be used 
with cross-sectional discs cut from logs. A single radial cut could be made and 
then the angle of opening measured as the disc dried. 
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Unfortunately, while the relationship of total shrinkage with internal checking is 
statistically significant, it is still  only a moderately useful as a predictor (Ilic, 
1999b, Yang and Fife, 2003). Similar to the density relationship, if shrinkage 
can be measured on both earlywood and latewood, that differential in shrinkage 
is likely to be a much better indication of check susceptibility. Unfortunately, the 
time and cost of such measurements is probably prohibitive, and so no 
shrinkage measurement techniques have been adopted industrially. 

6.4.1.4 Drying rate 

Innes (2000) proposed a log sampling technique to predict the drying quality of 
boards cut from the log. The technique used longitudinal cores taken from the 
log end to measure initial moisture content, basic density and mass after 24 
hours of standardised drying. A drying model (based on a transversely 
homogenous cylinder) was then used to fit diffusion coefficients based on the 
moisture loss in 24 hours of drying. A multiple regression was then used to 
predict the model diffusion coefficient based on the measures of initial moisture 
content, basic density and mass after 24 hours of drying. Unfortunately, it 
seems that the data for that regression was obtained from six cores, with end-
matched boards, only taken from two logs. The basis of the modelled shrinkage 
behaviour is even less clear, as the data used to fit the three unconfined 
shrinkage points (shrinkage at zero, fibre saturation point and equilibrium 
moisture content), used to calculate shrinkage at any moisture content above 
equilibrium moisture content, is not disclosed. This makes it hard to 
meaningfully evaluate the stress levels modelled. The validation of this 
modelling, seems to be dependent on seeing checks in the dried cores. How 
likely checking is in such small diameter cores is also questionable; and likely to 
be highly dependent on the location of earlywood and latewood in the core.  

An optimal place to take the longitudinal core from the end was also not 
discussed by the author. This is particularly relevant with regard to predicting 
internal checking, which as noted earlier, is often localised within some growth 
rings. 

6.4.1.5 Non-destructive evaluation (NDE) 

All of the techniques discussed above, rely on destructive sampling to try and 
predict collapse and internal check susceptibility. In general, any of these 
prediction measures are generally too costly and time consuming to undertake 
on every log or board that is processed in a sawmill. This is particular the case 
for internal checking, which almost certainly needs more sophisticated 
measurements than that required to predict collapse. 
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By and large, most NDE trials have been attempts at measuring the four 
predictor variables above. For example, the various tools that have been used 
to indirectly measure density/initial moisture content include: Pilodyn (Ilic and 
Bennett, 2000), IRL Microwave density probe (Ilic et al., 2005), Surveyor (in line 
acoustic wave velocity tool) (Ilic et al., 2005), Near Infrared Radiation (NIR) (Ilic 
et al., 2005, Blakemore et al., 2008). Figure 18 (B) shows that using NIR to 
measure Basic Density (radial profiles measured on log ends) was not as 
accurate as measurements of moisture content Figure 18 (A).  

Ilic et al. (2005) also trialled many of these techniques to predict drying rate. 
Unfortunately, green board AWV was not significantly related to drying rate. 
Although the NIR predictions were better, they were still not strong enough for 
industrial implementation. 

One of the confounding issues with drying rate, is that Ilic and Bennett (2000) 
confused a relationship between basic density and equilibrium moisture content 
as a relationship between basic density and drying rate. Blakemore and 
Langrish (2008a) suggests that collapse itself may have a separate effect on 
drying rate. This may in part explain some of the poor relationships found 
between basic density and drying rate in Ilic et al. (2005). 

NDE technologies have also been used to try and predict internal checking (Ilic 
et al., 2005). Again though, no useful relationships were found. In the case of 
this report, and a number of others, confounding factors in this lack of 
relationship, may have been involved when the internal checking was assessed. 
Ilic et al. (2005) assessed internal checking after reconditioning and final drying 
was completed. However, Blakemore and Langrish (2008b) and Blakemore 
(2008) showed that many of the internal checks that are clearly evident prior to 
reconditioning, can be very hard to detect afterwards (e.g. Figure 10), if 
reconditioning is undertaken with optimal conditions. Hence, it is important that 
if accurate measurements of internal checking are to be made, they must be 
made prior to steam reconditioning being undertaken. 
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Figure 18: PHAZIR (hand-held NIR measurements) of radial profiles of Moisture 

content (A) and Basic Density (B) as measured on ends of Victorian Ash 
logs (Blakemore et al., 2008). 
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7 GENETIC CONTROL OF CHECKING 
With plantation grown eucalypt species, there is considerable interest and 
scope for tree breeding and genetic technologies to be used to improve solid-
wood processing and product quality. This is particularly the case for a material 
property related issue such as collapse related checking in species such as 
E. nitens. Kube and Raymond (2005) and Hamilton et al. (2009), in studies 
measuring collapse on radial cores, found that collapse was under strong to 
moderate genetic control. Hamilton et al. (2009) also looked further at how a 
breeding objective for internal checking might be incorporated more widely into 
general breeding objectives, which more generally focus on pulpwood 
objectives. The greatest difficulty they had was, given the potential for various 
processing technologies to address the issue; it was hard to establish an 
economic weight for this objective. Hamilton et al. (2008) provide a good 
summary of all genetic work that is being undertaken in Australia and New 
Zealand for E. nitens, which includes a range of molecular genetics techniques. 

As there is some question over the relevance of shrinkage measured on cores, 
and the drying performance and grade of boards cut from such trees, David 
Blackburn (PhD student in the CRC-Forestry) is currently completing a similar 
quantitative genetics study for internal checking and surface checking in boards 
(90 × 35 mm) processed from E. nitens logs in a genetics trial in Tasmania. He 
has also found significant heritabilities (pers. com) for internal checking. 
Unfortunately, in this study the assessment of internal checking was carried out 
after the industrial drying schedule was complete. Had the internal checking 
been assessed prior to steam reconditioning, the extent of checking would have 
been much more evident, and the checking variation and heritabilities may have 
been even more evident.  

E. dunnii, is an important species in the sub-tropics of Australia as it has good 
pulping characteristics and reasonable potential for solid wood (Smith and 
Henson, 2007; Thomas et al., 2009). Harwood et al. (2005) found that while 
internal and surface checking can occur, it was an insignificant source of 
degrade. They identified cupping, end-splitting and spring as being more 
significant. For this reason, Thomas et al. (2009) placed an emphasis on the 
need to reduce the tangential to radial shrinkage ratio for this species. 

Genetic improvement in native forest resources is generally not an option. Most 
states have legislation that requires harvested trees have to be reseeded from 
local or similar seed sources to maintain the existing genetic variation in the 
forest stands.  
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8 SILVICULTURAL INFLUENCE ON CHECKING 
Section 4.1.2 raised the importance that board defects such as knots and pith 
can have on checking. Hence, silvicultural treatments such as pruning can 
prevent checking in and around defects such as knots. Growing bigger diameter 
logs is an important way of maximising the amount of higher quality outer wood 
away from the pith, which can also be prone to checking in some species. Even 
in the clear wood sections of the board away from defects, there is some 
evidence that silvicultural treatments can affect checking propensity. For 
example, Blakemore (2008) observed that internal checking was less prevalent 
in material that had been thinned and pruned. Although, this observation does 
need to be interpreted with some caution, as some of that result could be at 
least partly attributed to site and genetic effects, in that the pruned material was 
grown in Tasmania and the unthinned material came from NSW. 

Silvicultural treatments have been shown to have a role in the occurrence of 
tension wood in some Eucalypt species. For example, Washusen et al. (2003, 
2005) found that the timing of thinning and fertilizing can have a significant 
effect on the occurrence of tension wood in plantation grown E. globulus. 
Tension wood can lead to severe and unrecoverable collapse and checking 
(e.g. Northway and Blakemore, 1997b). Severe thinning of tall slender trees 
tends to produce tension wood near the base of the trees in the periphery as a 
mechanism to minimise instability and damage from increased exposure to 
wind. The application of fertilizer at the time of thinning, to some extent, 
overcomes this propensity by allowing rapid dimensional growth at the base of 
the tree to restabilise the tree (Washusen et al., 2005). 

Considerable research has also been made to model environmental growth 
effects on the cells that are produced in terms of cell diameters, density and 
vessel frequency etc (Downes and Drew, 2008). However, as summarised in 
the sections above, a complete understanding between the wood properties this 
modelling might be able to predict, and the expected checking behaviour that 
results from it, has yet to be fully accomplished. 

In regrowth forests, Washusen et al. (2009) showed that thinned stands of 
Victorian E. regnans (1971 regrowth, thinned in 1990) had less internal and 
surface checking than older unthinned material (1939). In a similar study in 
Tasmania (Washusen et al. 2009) on E. regnans regrowth, there was negligible 
internal checking in either the younger thinned material (1946 regrowth, thinned 
in 1970) or the older regrowth material (1936).  
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9 INDUSTRIALLY IDENTIFYING INTERNAL CHECKS 
As mentioned in the previous section, particularly for some high value 
appearance products, internal checking is a major defect that can be difficult to 
detect in the mill. The only opportunity to look for internal checking in most mills 
is after machining when the ends of boards are trimmed for dry grading. For 
most of the board though, it is very difficult to identify if internal checks are 
present. For this reason, Ilic et al. (2005) trialled a non-contact ultrasonic check 
detection system that is manufactured by Air Star Inc (QMI). This equipment 
was successful in identifying the visible internal checks (after reconditioning) 
that were identified after a cut was made immediately below the scan sites. 
Subsequently, this system has been installed and used by the ITC Heyfield 
sawmill. However, how well this equipment identifies closed internal checks is 
still not clear. The ultrasonic tool works by the checks preventing transmission 
of an ultrasonic wave through the timber. Closed checks with good contact 
between the sides of checks may still be able to transfer some or most of this 
energy. Checks should be unable to transfer shear wave energy, but at this 
stage the systems do not work in this mode. 
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10 ECONOMIC COST OF SURFACE AND INTERNAL 
CHECKING (INDUSTRY SURVEY) 

To help quantify the economic cost of surface and internal checking, a survey of 
all sawmills in Tasmania, Victoria and NSW was undertaken. To aid in 
dissemination and collation of results, the survey was conducted in the form of 
a Microsoft ® Excel spreadsheet. The survey was sent out by email and follow-
ups were conducted by phone. The survey was sent to a total of 14 sawmills in 
Tasmania, 18 in Victoria, and 9 in NSW (41 mills in total). 

After an initial poor response to the first survey that was sent out, it was agreed 
with the project steering committee, that a simplified survey be re-drafted and 
resent. A copy of the second version of the survey is contained in Appendix A. 
Follow–up by phone was mostly concentrated on the larger mills in each state 
as they would account for the majority of volume. Even after the simplification of 
the survey and phone follow-up, a total of only seven surveys were returned or 
filled out over the phone. Generally, if people didn’t respond formally, they 
indicated over the phone that checking was only a minor issue for them. In 
some cases, mills cited the harsh economic climate and increasing competition 
amongst mills as a reason for not wanting to discuss any details about their 
resource, processing, product quality and prices. In other cases, mills were 
simply too busy trying to remain profitable to spend time either completing the 
form or to discuss the answers over the phone. 

Not surprisingly, the response, or lack of response, was also largely based on 
the severity of collapse in the species being processed. So by and large, the 
greatest response was from mills that process Victorian Ash, Tasmanian Oak. 
For most of the mills processing non-collapsing species, while it would always 
be ideal to be able to dry faster, cheaper, or in larger dimensions; at least with 
regard to surface and internal checking, they were largely satisfied with their 
current balance of processing costs and quality and value of product produced. 

10.1 Summary of industry responses 

As mentioned above, the best response for the survey came from the Victorian 
and Tasmanian ‘Ash’ produces. The mills that responded to this survey are 
estimated to process at about 70-80% of this resource in both states. A 
summary of these survey results are shown in Table 2. This table shows that 
the survey respondents lost about $9.8 million last year due to downgrading of 
product due to surface and internal checking. This equated to about $24 of lost 
value per cubic meter of log input. In addition, to this, an additional cost of $0.59 
per cubic meter of log input was spent handling complaints and replacing 
product related to surface and internal checking. About 80% of this dry product 
was quartersawn. About 66% was either nominal 25 or 38 mm thick. 



 

 44 

 

Table 2: Summary of survey results for ‘Ash’ producers in Tasmania and Victoria 

 Tasmania Victoria Total 

Species 
E. regnans 

E. delegatensis
E. obliqua 

E. regnans 
E. delegatensis  

Regrowth Age (yrs) 60-80 60-80  

Log Volume (m3) 221,000 189,000 410,000 

Dry Product Volume (m3) 61,000 74,000 135,000 

Total Value ($) 66,905,000 78,966,700 145,871,700 

Value per volume of log 
($/m3) 303 418 356 

Value per volume of dry 
product ($/m3) 1,043 1,102 1,081 

Estimated dry product 
Volumes if no surface or 
internal checking 

62,000 75,700 137,700 

Estimated Total Value if no 
degrade due to surface or 
internal checking 

72,355,500 83,374,000 155,728,500 

Estimated value lost due to 
internal and surface 
checking ($) 

5,450,500 4,406,000 9,856,500 

Estimated value lost due to 
internal and surface 
checking per volume of log 
($/m3) 

25 23 24 

Cost of dealing with 
customer complaints per 
volume of dry product 
produced ($/m3) 

0.89 0.35 0.59 
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Forest Enterprises Australia (FEA) Ltd are currently the main sawmill 
processing plantation grown eucalypts (in this case E. nitens). In 2008, they 
processed 30,000 m3 of structural products. While levels of surface and internal 
checking are moderate to severe in much of this product, it is largely 
inconsequential for structural products. However, it is the major limitation for 
processing pruned plantation grown E. nitens into appearance grade products. 
In the short to medium term FEA are looking to increase the processing of 
plantation grown E. nitens. In Tasmania, Forestry Tasmania (Forestry 
Tasmania, 2007) also will be increasing the supply of plantation grown E. nitens 
and E. globulus to about 150,000 m3/yr by 2020 (Figure 19). Checking then is 
going to be a critically important issue as this transaction to plantation grown 
E. nitens (and possibly also for E. globulus) occurs over the next 10-20 years. 
An initial analysis of the economics of processing plantation grown E. nitens 
and E. globulus was undertaken by Innes et al. (2008). This analysis confirmed 
that the cost of internal and surface checking in this resource is likely to be 
highly significant, particularly for E. nitens if appearance products are being 
targeted. The Tasmanian timber industry has already started contingency 
planning for this change in future resource and other changes that are affecting 
the industry as a whole (AIRC, 2009). 

 
Figure 19:  Forestry Tasmania 2007 review of 90-year view of high quality Eucalypt 

sawlog sustainable yield from state forest (by forest type)(year starting 1 
July). (Source: Forestry Tasmania, 2007) 
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Blueridge sawmills in Eden (NSW) was the only mill to respond that currently 
process East Gippsland/Southern coastal NSW species. Hence, only minimal 
details are summarised here. Of the three species they process: E. fastigata 
(3,000 m3/yr), E. seiberi (4,000 m3/yr), and E. muelleriana (4,000 m3/yr). 
Collapse and checking issues are most significant in E. sieberi, and moderately 
so in E. fastigata. Provided that they can get long length logs, this is not so 
great an issue as the value of long length structural boards is comparable with 
their random length appearance products. So currently, the issue is not yet that 
financially costly compared for example with the Ash processors (Table 2). 
However, they are expecting that their intake of young E. sieberi will increase 
rapidly in the next few years, and they anticipate that collapse and checking will 
be an issue with this resource. This observation is supported by the recent 
project looking at the processing characteristics of thinned E. seiberi 
(Washusen et al., 2009). 

 

11 INDUSTRY WORKSHOP 
A preliminary draft version of this report was circulated to relevant industry 
personal and research providers. An industry workshop was then conducted on 
the 9th of July, 2009 at CSIRO Material Science and Engineering, Clayton, from 
10:00am until 1:30pm. Table 3 below lists the attendees at this workshop.  

Table 3: Workshop attendees listed in alphabetical order, and the organisations they 
represented. 

Dr Philip Blakemore CSIRO, Victoria 
Mr Jim Grigoriou CSIRO, Victoria 
Mr Wayne Hall Porta Mouldings, Tasmania/Victoria 
Dr Chris Harwood CSIRO, Tasmania 
Mr Vince Hurley ITC, Victoria 
Dr Trevor Innes FEA, Tasmania 
Mr Tony Jaeger McKay Timber, Tasmania 
Mr Schalk Kapp Pöyry, Victoria 
Dr Chris Lafferty FWPA, Victoria 
Mr Michael Lee University of Tasmania 
Mr Alan McGreevey ATIC, Victoria 
Mr Richard Northway CSIRO, Victoria 
Mr Rod Smith McCormack Demby Timber, Victoria 
Mr Ross Smith McCormack Demby Timber, Victoria 
Mr Graeme Stevenson Gunns, Tasmania 
Prof Grigory Torgovnikov University of Melbourne 
Dr Junli Yang CSIRO, Victoria 
  
By Video Conference  
Dr Jonathan Harrington SCION, New Zealand 
Dr Chris Lenth SCION, New Zealand 
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Mr Steve Riley SCION, New Zealand 
 

The workshop was held to present the preliminary report on the industry survey 
and the literature review. Mostly though, the workshop was held to try and 
obtain industry agreement for a research strategy that could be submitted to the 
FWPA to guide them in prioritising research projects to tackle this problem. 
Preliminary recommendations (Appendix B) were made in the draft report and 
presented at the workshop. Correspondence was also received from a number 
of other researchers, and a summary of their recommendations was presented 
to the Workshop (Appendix C). A copy of the more detailed submission from 
Prof Torgovnikov is also included in (Appendix D).  

After a lengthy discussion of the report and recommendations, the workshop 
agreed upon the following research strategy. The workshop recommended 
prioritising the following two objectives and associated expected outcomes. 

3. Identify the underlying properties or factors (predictors) that cause ‘checks’ 
and then develop industrial tools to measure them reliably. 
 

Expected Outcome:  
 
Tools to sort material for check propensity, starting at board level, with 
the ultimate goal to have an efficient log scanning system. This will allow 
mills to target material for appropriate processing and product options. 

 
4. Look to alternative industries, thought leaders, technologies to try and find 

the next big step in drying productivity. 
 

Expected Outcome:  
 
A process that can process all boards free of checking, regardless of 
check propensity. 

 
At the Workshop, Dr Chris Lafferty (FWPA) re-enforced that for any FWPA 
project proposals to be succesful, they must clearly outline how they address at 
least one of the seven FWPA’s R&D Themes and the intended industry benefits 
and outcomes (Attachment 3.3G of their current operational plan). 

The first priority above clearly addresses the R&D theme of “Characterising the 
properties and variability of wood resources and maximise value recovery”. If 
the check propensity tools can be developed, they will help industry to increase 
profitability by improving the efficient use of log inputs.  
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The second priority above addresses the R&D theme of “developing knowledge 
and technology to improve existing production and utilisation processes”. Drying 
systems that can prevent checking are clearly going to improve industry 
investment confidence, as it is going to reduce the many risks that internal 
checking poses for various products. 
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12 CONCLUSIONS 
The most economically important forms of surface and internal checks are in 
species prone to moderate or severe levels of collapse. Sawmillers processing 
the Ash group of species (E. regnans, E. delegatensis and E. obliqua), from 
native forests in Tasmania and Victoria, are currently the worst affected. Of the 
sawmills that responded to the survey, they estimated that checking cost them 
collectively about $9.8 million in 2008 in downgrading of products because of 
checking. This figure is conservative in that it makes no attempt to quantify the 
less tangible costs of internal checking. For example, a reputation for internal 
checking affects the markets that this material can be sold into. If products free 
of internal checks can be guaranteed, then larger and more lucrative markets, 
particular export markets, can be supplied. 

While processing treatments and variables can affect the expression of 
checking, collapse is largely an inherent property of the wood itself. Most 
importantly, it is the variation in collapse propensity between earlywood and 
latewood that is one of the major drivers of checking. Currently, good sawing 
and drying practices are at best aimed at minimising the affect of collapse and 
checking. A review of the drying treatments and strategies that have been 
trialled is provided and discussed in this report. Even though many of them do 
show some statistically significant improvements, whether or not they are used 
industrially is largely a question of financial cost/benefit analysis. 

Only one such process, freeze-drying, has been demonstrated to avoid collapse 
completely. Super-critical CO2 shows similar promise. However, both processes 
are extremely expensive and difficult to implement on a broad scale, and are 
therefore only likely to have application for niche products. In the case of super-
critical CO2, this could be for certain preservative treated products. 

For the current resource, both native and plantation grown (especially E. nitens 
and possibly E. globulus), the current need for an effective and cheap form of 
NDE prediction of collapse and checking remains important. Unfortunately, due 
to the averaging effect of wood properties with many of these techniques, they 
are likely to be better at predicting collapse than internal checking. If check-free 
material could be predicted using such tools, material can then be targeted for 
certain high-value products (cabinetry and furniture) or certain drying strategies. 
For scale and proof of concept reasons, such tools are likely to be board based 
initially. However, the ultimate goal of such developments is for log based tools. 

In the longer term, as plantation grown eucalypts become increasingly 
important, the ability to breed or genetically modify trees to be produce collapse 
or check free timber is an important objective. Thankfully, for species such as 
E. nitens this is already an active area of research amongst tree breeders and 
geneticists. However, the industry is decades away from having such trees 
available for processing. 
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An industry workshop that was held to discuss the problem of checking to 
industry and define a research strategy, agreed upon the following two focus 
points for prioritising research projects in this area. 

1. Identify the underlying properties or factors (predictors) that cause ‘checks’ and 
then develop industrial tools to measure them reliably. 

2. Look to alternative industries, thought leaders, technologies to try and find the 
next big step in drying productivity. 
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APPENDIX A: INDUSTRY SURVEY 

Introduction
Anecdotally, surface and internal checking continue to be significant problems for the hardwood 
sawmilling industry in south-eastern Australia (Tasmania, Victoria and NSW). However, some 
sawmills in this region report it as only a  minor and unimportant issue. Therefore, to help the 
industry determine how much, and where, research effort should be focused, the FWPA 
(PN09.2049 - Review of , and recommendations for, internal and surface checking 
research) is trying to determine the overall extent and economic cost of surface and 
internal checking in these three states. 

Ideally, the information is to be collected on a species by species basis. However, it is 
acknowledged that in some cases species are just grouped and processed together. As such 
then, we have tried to provide some of the main species groupings that can be used for these 
instances. For the non-Ash groupings, the oppurtunity to name up 4 species is included as it is 
recognised that groupings of species will differ greatly from one mill to another. To keep the re-
entry of repetitive data to a minimum, after details for the first species have been provided, use of 
the navigation arrows will generate a new sheet copying all of the information provided from the 
previous sheet. Only the appropriate changes just then need to be made, or the clear all button 
can be used to start fresh.  

For many of the questions, there are a number of standardised options to select from. In these 
cases, once you have selected the answer box, a little down arrow will appear to the right of the 
answer box. If you click on that arrow the list of options you can select from will appear.

It is appreciated that in many cases, the specific information being sought may not be recorded 
by mills, especially in the format requested. Nevertheless, even if only a best estimate of the data 
being sought can be provided, it will greatly aid our ability to summarise the survey results on a 
consistant basis. While, respondants are free to contact and discuss the survey question with the 
researchers using the contact details below, follow-up interviews will also be conducted with all of 
the larger mills, and this will provide a further chance to clarify any answers given or to provide 
additional information that may be relevant to this project. It is expected that the answers given in 
this survey should be relevant for the 2008 calendar year, where applicable some of the 
information being sort may need to be averaged for that time period. 

It is also appreciated that much of the information being requested may be commercially 
sensitive. For this reason, none of the mill specific information will be disclosed to anyone 
(including the FWPA) beyond the CSIRO researchers involved in this project. Any survey results 
shared by CSIRO researchers with FWPA personnal or industry collaborators will only be in the 
form of summary information (results by states, species etc). All reasonable attempts will be 
made to prevent information being identified back to an individual mill.

It is intended that the results of this survey, and a related literature review, will be presentated at 
an industry workshop in a couple of months time. This will provide the main forum to discuss 
where future research into surface and internal checking will be directed into the future.

Start the Survey

Materials Science and Engineering

NB: Macros need to be enabled

For all features of this spreadsheet to 
work correctly, macros need to be 
enabled.  It is probably safest to 
temporarily change your macro security  
(tools->options->security->macro 
security) to the medium level, and then 
reopen this file and choose to allow 
macros for this workbook.
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Species/Group:

Species 1: Species 2:

Species 3: Species 4:

Source:

State:

Main age grouping: year old

Log Intake 2008: ,000 m3

What is the product volume and value achieved from this resource?

Dry product volume 2008: ,000 m3

Select: $/m3

Standard (medium feature): $/m3

High feature: $/m3

Structural: $/m3

Downfall: $/m3

Non-commercial: $/m3

  What would the dry product volume, and grade percentages be if no internal and surface checking was present?

Dry product volume: ,000 m3

If other, please describe:

Back sawn Mixed sawn Quarter sawn

Percentage by Volume:

≤16mm 25mm 38mm ≥50 mm

If other, please describe:

Initial dry bulb temperature: ºC

ºC ºC

    At what target moisture content is steam reconditioning undertaken, and for how long:

Moisture content: hours

ºC

16mm 25mm 38mm 50 mm

hours hours hours hours

,000

Non-commercial (bearers, 
stickers):

Select grade:

What mix of grain orientation does your sawing strategy produce? 

If you selected Mixed Hardwoods above, please select main species in this group

Ramp-up time to reach 
maximum temperautre:

Final dry bulb temperature 
before reconditioning:

Data entry help message

Which of the selections best 
describes how the initial and pre-

d i t f d i

   Is steam recondtioning undertaken to recover collapse?

Sa
w

in
g 

D
et

ai
ls

A
dd

iti
on

al

is High feature:

Structural:

Which of the selections  best 
describes the general sawing 

d i h

Percentage by volume of green 
thicknesses before drying:

Maximum temperature reached 
during steaming:

(It is acknowledged that overcut allowances will very, but these categories should reflect the main thickneesses that most mills nominally cut.)

Non-commercial (bearers, 
stickers)

Final air 
velocity before 
reconditioning:

Standard (medium feature):

High feature (including NFG):

Downfall (Utility/Merchant):

 Select:

Standard (medium feature) :

What mix of grain orientation does your sawing strategy produce?

  If you ticked the box above and collapse is an issue with this species, please provide the following details about your pre-drying practices:

How much has it cost you (replacement product, labour) in total dealing with customer 
complaints relating to surface and internal checking for this product in 2008?

Final wet bulb 
depression before 

reconditioning:

Air velocity:Initial wet bulb depression: 

Percentage of Volume which is Grade

Pr
od

uc
t d

et
ai

ls

Average Value of Graded Product

Structural :

Downfall (Utility/Merchant):

Please select from 
options provided.

Time at maximum temperature 
for each thickness:

D
ry

in
g 

D
et

ai
ls

Data entry help message

Percentage of Volume which is Grade

Please select from 
options provided.

Next or new 
species

Previous

Quit
Clear 

all

Materials Science and 
Engineering

Quit
Clear 

all

Next or new 
species

Previous
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APPENDIX B: PRELIMINARY RECOMMENDATIONS – 
AS PRESENTED TO INDUSTRY WORKSHOP (9/7/09) 
1. Drying quality benchmarking protocol 

♦ Objective: 

− Establish a protocol for assessing the drying quality of a defined 
resource with different drying treatments and strategies (e.g. air-
drying, predrying, vacuum kilns, microwave pre-treated etc). The 
drying quality information this provides can then be used in 
cost/benefit analysis of the different approaches to sawing and 
drying with different resources. This information can be used by 
the mills independently for investment planning purposes, and/or 
used to extend the drying component of CSIROMILL (A CSIRO 
developed economic modelling tool) to allow for comparative 
economic assessment of different sawing and drying combinations 
for a given resource. 

♦ Comments: 

− It is not possible to account for every source of variation within a 
resource for every drying study. Therefore, feedback from industry 
will be required to establish parameters for an agreed standardised 
sample population. This needs to be done separately for each 
major species/resource. 

• Each species/resource is likely to have different requirements 
based on current industry practices. This will likely have to 
include agreement on a standard sawing approach, or at least 
agreement on the numbers of back-sawn, quarter-sawn boards 
etc, and a focus on 1 or 2 agreed thicknesses. 

• It is likely that two standard samples are required, one for pilot 
scale testing, and one for industrial scale testing; the reason is 
that some drying techniques being considered by industry are 
currently still only at pilot scale development. Industrial results 
will be the more reliable. Importantly though, relationships 
between pilot scale and industrial scale techniques can be used 
to predict the industrial scale results even when it is not yet 
possible to undertake them.  

− The NDE techniques, being developed as part of the FWPA-funded 
NDE Dryability project (referred to in Recommendation 4 below), 
are likely to be critical for defining and cost effectively measuring 
and ensuring that each test sample of boards meets this agreed 
standard population criteria. 
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• The establishment of these protocols will ensure that as future 
technologies are developed, they can also be benchmarked 
against previously collected data. 

− This data can then be used by mills as an input to their cost 
accounting and investment planning, or incorporated into 
CSIROMILL. 

• CSIROMILL, is a spreadsheet based tool used to quantify the 
economics of a sawmill operation. Principally, it is used to 
predict mill gate prices for logs that a sawmill can afford while 
remaining profitable. (e.g. meeting certain measures of return 
on equity or investment). This helps growers to estimate the 
value of their logs at the mill gate and how profitable their 
plantations are likely to be.  Therefore, this tool helps to provide 
confidence to growers and processors alike in the viability of a 
resource and industry based on it. This is critically important for 
forest growers to have confidence in growing plantation 
eucalypts on sawlog regimes.  

• To develop this within CSIROMILL, would also require kiln 
manufacturers and sawmillers co-operation to correctly 
establish capital and operational costs for the various drying 
regimes. 

2. Establish the performance and significance of closed checks in various 
products. 

♦ Objective: 

− To establish if, and in what products, closed checking is acceptable. 

♦ Comment: 

− It is plausible that some levels of closed internal checking are 
already accepted in some products. The objective is to obtain 
material with measured levels of closed checking, and evaluate 
their impact on the performance of a range of products. 

− In the products where it is established that these are unacceptable, 
then definitive ways to identify them need to be established. For 
example, while NDE techniques such as ultrasonics that use 
longitudinal waves are known to detect open checks, it is likely that 
shear waves might be better suited for detecting closed checks. 
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3. Survey the extent of internal checking propensity for various resources. 

♦ Objective: 

− Establish the extent that the collapse and internal checking are 
problems in a distinct resource. 

♦ Comment: 

− This will provide critical information for a range of purposes. For 
example, with Recommendation 1 above, it will help provide 
information for defining the standard population parameters to be 
used for the benchmarking drying quality tests. 

− This may be most pertinent with regard to future plantation 
resources. 

• It helps tree growers and breeders select species and quantify 
the levels of focus that should be given to addressing these 
issues. 

• There is a possibility to do some of this for E. globulus as 
part of the pulpwood utilisation project proposal. 

− Once this background level is established, it could make it easier to 
evaluate questions such as the effect of bushfire on salvage log 
drying performance. Given the likely increase of bushfire incidence 
into the future, this is likely to be an ongoing issue of increasing 
importance. 

4. Support the current FWPA NDE Dryability project (PNB126-0809) to ensure 
that a series of experiments are undertaken on the collapse prone ‘ash’ 
species. 

♦ Comment:  

− While an Ash species (E. regnans) is currently planned to be 
assessed in this project, the project plan is stage-gated, such that if 
initial results on E. nitens and E. marginata are not promising the 
project can be stopped. Hence, there is a chance that if the initial 
results with other species are only marginal or poor, the ash work 
may not proceed unless compelling justification for the Ash 
component is given. However, as the Ash resource is going to be 
the initial focus for most of the recommendations above, and these 
NDE tools are central to many of those recommendations, it is 
important that the Ash resource component of this project is 
undertaken regardless of results for other species. 
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5. Support the current proposed development of a trial of supercritical CO2 
drying for its applicability with collapse prone species such as the Ash group 
or plantation grown E. nitens. 

♦ Comment 

− As identified in this report, this is one of the few drying technologies 
that may be able to completely avoid collapse. However, the 
purpose of the proposal above is essentially a pre-feasibility 
evaluation as little to no testing has been conducted on collapse 
prone hardwoods so far, and the work that has been done is 
focussed on drying rate rather than collapse avoidance. This first 
step is necessary for evaluating whether or not to proceed to the 
type of benchmarking test being proposed in recommendation 1. 
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APPENDIX C: SUMMARY OF OTHER 
RECOMMENDATIONS FROM RESEARCH PROVIDERS 
AS PRESENTED AT INDUSTRY WORKSHOP (9/7/2009) 
Dr Henri Bailleres,  Mr Adam Redman (QPI&F) 

• Ongoing vacuum drying projects 

• International collaboration 

• Acoustic Emissions  

• (Prof. Frank Beal – Berkeley University USA) 

• Multiscale, multiphysical modelling 

• Prof. Patrick Perre (ENGREF) 

• Prof. Ian Turner (QUT) 

• Drying above glass transition temperature (Patented) 

• Prof. Patrick Perre (ENGREF) 

Prof Grigory Torgovnikov, Prof Peter Vinden,  Mr Gerry Harris (University of 
Melbourne) 

• Microwave pre-treatment  

• Initial trials limited and not definitive for effect on checking 

• Little done to evaluate drying rate effect 

 

A/Prof Timothy Langrish (University of Sydney) 

• Intermittent drying and solar kilns 
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APPENDIX D: DETAILED RESPONSE FROM 
PROF GRIGORY TORGOVNIKOV  
(UNIVERSITY OF MELBOURNE) 

Microwave processing of sawn timber hardwood for defect 
reduction  
 
MW collapse reduction 
Wood collapse can be reduced by increasing wood permeability by MW 
treatment. Low level application of MW energy to wood ruptures pit membranes 
and micro-structures (i.e. tyloses) and reduces the probability of collapse created by 
liquid- tension forces in micro capillaries. Also cell wall cracks provide connection 
between cells and together with ruptured pits, form porous media with lower collapse 
probability. Fig 1 illustrates difference between MW treated and non treated (control) 
Eucalyptus globulus (blue gum) boards after drying in similar conditions. Note the high 
degree of collapse in non MW treated samples. 

CONTROLS

MW PRETREATED

 
 
Fig 1. MW treated and control E. globulus samples after drying in similar 
conditions. 
 
 
Pre-drying treatment 
Analysis of the dried quality of a number of hardwood species including 
messmate (Euclyptus obliqua) (Q-sawn), black butt (Eucalyptus pilularis), 
Sydney blue gum (Eucalyptus saligna), mountain ash (Eucalyptus regnans) and 
jarrah (Eucalyptus marginata), demonstrated that a low degree of MW wood 
modification does not provide any statistically significant difference in the 
quantity and sizes of checks between MW pre-treated and control samples after 
drying under similar conditions. The study of MW pre-treatment of back sawn 
messmate boards showed a significant defect reduction. Significant 
improvements in MW modified messmate samples compared to controls in 
relation to check (internal/honeycombing and surface) during drying was 
observed (Schedule -70 kWh/m3) having 55% of samples without checks 
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compared to control samples at 31% (Harris et al. 2008). Standard commercial 
kiln schedules were used for lumber drying in this research. MW pre-drying 
treatment schedules are summarised in Table 1. On going research into MW 
conditioning is evaluating the use of more aggressive drying schedules to 
achieve reductions in drying time. 

 
Table 1. MW pre-drying treatment parameters for some Eucalyptus species lumber 
and check appearance 
 

Frequency 0.922 GHz Frequency 2.45 GHz 
3 shifts per 
day, 24,000 
m³/y 

2 shifts per 
day, 16,000 
m³/y 

3 shifts per 
day, 24,000 
m³/y 

2 shifts per 
day, 16,000 
m³/y 

Cost items 

AU$/m
3 

% AU$/m
3 

% AU$/m
3 

% AU$/m
3 

% 

Capital  10.12 34 15.17 42 16.63 41 24.95 49 
Magnetron 
replacement  2.67 

 
9 2.70 7 5 

 
12 

 
5 

 
10 

Maintenance 1.19 4 1.79 5 1.96 5 2.94 6 
Electricity 9.04 30 9.04 25 10.16 25 10.16 20 
Labour 5.63 19 5.63 16 5.63 14 5.63 11 
Floor space 1.25 4 1.88 5 1.25 3 1.88 4 
Total 29.89 100 36.20 100 40.62 100 50.54 100 
 
The study of MW lumber pre-drying treatment carried out in Oak Ridge National 
Laboratory (Compere, A.L. 2005. High-speed microwave treatment for rapid 
wood drying. US Department of Energy.  Industrial Technologies Program. 
Forest Products Industry of the Future. Quarterly Status Reports. Report 24, pp. 
229-236) with white oak (Quercus alba L.) and red oak (Quercus rubra), hard 
maple (Acer saccharum Marsh) demonstrated that a low degree of modification 
does not effect on timber quality and can reduce drying time.  

Compere (2005) working with red oak, hard maple, and yellow poplar has 
shown that a low degree of MW wood modification does not give any 
statistically significant difference in strength, stiffness, hardness, or glue shear 
between untreated and pre-treated lumber. In addition there was no difference 
in the machinability, gluability or the finish quality of MW treated boards 
compared to controls. 

A low degree of MW modification reduces the kiln drying time of 30-50 mm thick 
hardwood boards by approximately 50%. MW pre-treatment increases the 
drying rate by decreasing the moisture content (MC) of wood and by increasing 
the rate at which boards give up moisture when drying in a kiln.  
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The probability of check development in back-sawn boards is higher compared 
to boards where annual rings are orientated 40-45° to the board width. MW 
energy consumption for hardwood timber conditioning prior to drying ranges 
from 70 to 110 kWh/m3 for low degree of modification depending on wood 
species and moisture content.  
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Growth and drying stress relief in timber  

MW pre-treated eucalyptus timber has different shrinkage behaviour compared 
to non-modified samples. For example, modified messmate samples after 
drying have lower shrinkage than controls. The probability of cell collapse after 
drying is also lower (Fig 2).  

 

 

 
             a         b 
Fig 2. End matched messmate boards after drying under similar conditions. (a) MW 
modified samples, changes in the shape are minimal; (b) unmodified control samples.  
 
The influence of MW heating is two-fold. Firstly the temperature increase in the 
moist wood softens the lignin, hemicelluloses and cellulose and provides stress 
relaxation (Kubler 1987). Secondly steam pressure generates inside the wood. 
This increase in pressure ruptures the pit membranes and cell walls and 
increases permeability of wood. 

Experiments show that MW irradiation of small thicknesses of Yellow 
stringybark and blue gum posts can provide the relief of both growth and drying 
stresses. The formation of micro checks in the posts results in stress relief and 
maintenance of the post integrity (Fig 3). 

 

 
         a         b 
 
Fig 3.  Stringybark posts after drying. (a) MW modified log has reduced stresses 
and maintains the integrity of the post; (b) unmodified control log that splits due 
to growth and drying stresses. 
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MW heating of bent boards up to 140°C for subsequent straightening has been 
studied by the Forest Product Laboratory (Madison, USA). In this study Hunt et 
al (Hunt J. R., H. Gu, P. Walsh and J.E. Winandy. 2005. Development of new 
microwave-drying and straightening technology for low-value curved timber. 
USDA Forest Service. Forest Product Laboratory. Research Note FPL-RN-
0296, 4 pp.) demonstrated successful straightening of highly bowed lodgepole 
pine (Pinus cortina) and produced boards without any damage (cracking or end 
splitting). This highlights the opportunities available for using MW technology to 
alleviate stress in wood. This technology requires further study and 
development to assess the engineering and economic feasibility of processing 
options. 

 
 
Costs of MW wood modification 
An economic assessment of MW wood modification has been done with the aim 
of determining the  costs for different applications and estimate the effect of 
item costs on specific production cost. This assessment has been based on 
technical data from experiments and tests and world prices of the equipment. 
Results of cost analysis for MW hardwood lumber pre-drying treatment (Fig 4) 
is given for the following conditions: 

1. MW plant output: 24,000 m3/y at 6,000 working hours per year (3 shifts per 
day), 4 m3/hour;  16,000 m3/y at 4000 working hours per year (2 shifts per day), 
4 m3/hour. 
2. MW power of the plant 360 kW. 
3. MW plant at frequency 0.922 GHz costs  AU$1,428,000 and at 2.45 GHz - 
AU$2,348,000. 
4. Microwave plants work automatic and with operator (one worker per shift). 
5. Electric energy consumption at frequency 0.922 GHz  - 113 kWh/ m3 and at 
2.45 GHz - 127 kWh/ m3. 
6. Electricity cost range AU$0.06/kWh to AU$0.12/kWh.        
7. Depreciation rate 17%. 
 
The estimated specific costs include costs associated with capital, 
maintenance, magnetron replacement, labour, floor space cost and electricity 
costs. These costs do not include costs of mechanical installation, electrical 
connections, on costs (overheads) and taxes. 
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        a      b 
Fig 4. MW lumber pre-drying costs depending on plant output and electricity 
costs: (a) frequency 0.922 GHz and (b)  frequency 2.45 GHz. 
1. automatic plant, three working shifts per day, output 24,000 m³/year; 2. 
automatic plant, two working shifts per day, output 16,000 m³/year; 3. one plant 
operator per shift, three working shifts per day, output 24,000 m³/year; 4. one 
plant operator per shift, two working shifts per day, output 16,000 m³/year. 
 
Calculations showed that MW pre-drying treatment costs for automatic plant at 
frequency 0.922 GHz and electricity costs AU$0.06/kWh to AU$0.12/kWh  
growth from AU$22/m3 to AU$28.8/ m3 at three working shifts per day and from 
AU$28.3/m3 to AU$35.1/m3 at two working shifts per day.  At frequency 2.45 
GHz, MW pre-drying costs in similar conditions growth from AU$32.5/m3 to 
AU$40.1/m3 at three working shifts per day and from AU$42.4/m3 to AU$50/ m3 

at two working shifts per day. The increase of the electricity costs twice  (from 
AU$0.06/kWh to AU$0.12/kWh) leads to increase of MW pre-drying treatment 
costs by 16 to 29%. For MW plant operated by a worker, MW pre-drying 
treatment costs increase by 11 to 17% at frequency 2.45 GHz and by 16-25% 
at frequency 0.922 GHz compared to automatic plant. At frequency 2.45 GHz 
the MW pre-drying treatment costs are higher compared to 0.922 GHz because 
the capital costs and electricity consumption are higher. 

 

Distribution of  the item costs in the total MW pre-drying treatment costs for 
plant output 24,000 m³/y (3 shifts per day) and 16,000 m³/y (2 shifts per day) at 
electricity cost AU$0.08/kWh are displayed in Table 2. The capital costs form 
the largest shear in total costs 34 to 49%, electricity costs form 20 to 30% share 
and labour costs form 11 to 19% share. Therefore it is more effective to use 
MW plants during 3 shifts per day. 
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Table 2. Distribution of the item costs in the total MW pre-drying treatment costs 
for plant output 24,000 m³/y (3 shifts per day) and 16,000 m³/y (2 shifts per day) 
at electricity cost AU$0.08/kWh. 

Frequency 0.922 GHz Frequency 2.45 GHz 
3 shifts per 
day, 24,000 
m³/y 

2 shifts per 
day, 16,000 
m³/y 

3 shifts per 
day, 24,000 
m³/y 

2 shifts per 
day, 16,000 
m³/y 

Cost items 

AU$/m
3 

% AU$/m
3 

% AU$/m
3 

% AU$/m
3 

% 

Capital  10.12 34 15.17 42 16.63 41 24.95 49 
Magnetron 
replacemen
t  2.67 

 
9 

2.70 7 5 

 
12 

 
5 

 
10 

Maintenanc
e 1.19 

4 
1.79 5 1.96 

5 2.94 6 

Electricity 9.04 30 9.04 25 10.16 25 10.16 20 
Labour 5.63 19 5.63 16 5.63 14 5.63 11 
Floor space 1.25 4 1.88 5 1.25 3 1.88 4 
Total 

29.89 
10
0 

36.20 10
0 40.62 

100 50.54 10
0 

 
Additional costs connected with a new technology use are not significant 
compared to hardwood lumber prices. For example, high quality hardwood 
lumber from mountain ash costs in Australia from AU$730/m³ to 1300 AU$/m³ 
depending on quality. MW treatment cost are AU$30 – 36 /m³. It forms 4.1 to 
4.9% of low grade lumber price and 2.3 to2.8% of high grade lumber price. This 
additional 2.3 to 4.9% expanse increase is not significant and not comparable to 
the benefits which MW processing  brings. 

MW processing costs can be reduced significantly if to use for green lumber 
heating up to 80*C before MW treatment, using steam or hot air. 

This technology could be implemented using existing kiln drying facilities. The 
MW plant could be situated in-line between the green chain and kilns. In 
addition benefit would be gained from initial heat up of boards before entering 
kilns saving on initial heat up energy. 
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